Analysis of structural dynamic data from Skylab.  Volume 1:  Technical discussion by Harcrow, H. & Demchak, L.








C O N T R A  
R E P O R T  
C T O R  
. . 
E 




ANALYSIS OF STRUCTURAL 
DYNAMIC DATA FROM SKYLAB 
Volume I - Technical Discussion 
F"' - 




1 .  REPORT NO. 2; GOVERNMENT  ACCESSION NO. 
NASA CR-2727 
A T I T L E   A N 0   S U B T I T L E  
~" ~ ~ 
Analysis of Structural  Dynamic  Data  from  Skylab 
Volume I - Technical  Discussion 
4L REPOF 
-I== 
7 .  AUTHOR(S) 
Leonard  Demchak  and  Harry  Harcrow 
Martin  Marietta  Corporation 
P. 0. Box 179 
Denver,  Colorado 80201 
~ . ~~ 
9. PERFORMING  ORGANIZATION NAME AND ADDRESS 
.....=.- _ ~ _ _ _ _  ~- ~~ 
1 2 .  SPONSORING  AGENCY NAME AND ADDRESS 
National Aeronautics  and  Space  Administration 
Washington, D.  C. 20546 
_ _  _____ "" . ~ 
15. SUPPLEMENTARY  NOTES 
5 .  REPORT  DATE 
August 1976 
6. PERFORMING  ORGANIZATION CODE 
' .M- i76  
8.  PERFORMING ORGANIZATION REP0R.r U 
, O .  WORK UNIT, NO. 
I 1. 'CONTRACT OR GRANT NO. 
NAS8-31224 
13. TYPE OF REPORT & PERIOD COVEREL 
Contractor Report 
Final 
1.1. SPONSORING  AGENCY  CODE 
I _.-.-- 1 . ~ -  
16. ABSTRACT 
This  report  presents  the  results of a study to analyze data and document  dynamic program 
highlights of the Skylab Program. Included are structural  model  sources,  illustration of the 
analytical  models,  utilization of models  and  the  resultant  derived  data, data supplied  to 
organization  and  subsequent  utilization,  and  specifications of model  cycles. 
This  analysis is published  in two volumes: 
Volume I - Technical  Discussion - NASA CR-2727 
Volume a -- Skyla$ Analytical and Test Modal  Data - NASA CR-2728 
- ~~ . ~ ~~ 
17. KEY WORDS 18. DISTRIBUTION  STATEMENT 
STAR  Category 15 
." - "= ~~~~ 
19. SECURITY CLASSIF. rmpcrt) 20. SECURITY CLASSIF. (of this p s g q  21 .  NO. OF  PAGES 22. PRICE 
~ - . ". ~~ ~ ~~~ 
Unclassified 220 $7.25 Unclassified 
- - .- - . . 





In t roduc t ion  . . . . . . . . . . . . . . . . . . . . . . . . .  
1 . S t r u c t u r a l  Model  Deployment . . . . . . . . . . . . . . .  
1.1 Skylab  Vibration  Analysis  Chronology . . . . . . . .  
1.2  Evolut ion  of   Structural   Models  . . . . . . . . . . . .  
1.3 Conclusion . . . . . . . . . . . . . . . . . . . . .  
2 . Skylab  Analytical   Methodologies . . . . . . . . . . . . .  
2.1  Skylab Modal C h a r a c t e r i s t i c s  . . . . . . . . . . . .  
2.2  Skylab  Docking  Response . . . . . . . . . . . . . .  
2.3 Model C o r r e l a t i o n   t o   V i b r a t i o n   T e s t i n g  . . . . . . .  
3 . O r b i t a l   C l u s t e r   I n t e r i o r   A c o u s t i c s  . . . . . . . . . . .  
3 . 1  
3.2 
3 .3  
3.4 




3 . 9  
Acoust ic  Acceptance Cri ter ia  . . . . . . . . . . . .  
D e f i n i t i o n  of Environment . . . . . . . . . . . . .  
F l i g h t  Measurement Resu l t s  . . . . . . . . . . . . .  
Acoustic Environment Mapping . . . . . . . . . . . .  
Skylab C r e w  Mission  Acoust ic   Evaluat ion . . . . . .  
Art i cu la t ion   Index  (AI)  Analyses . . . . . . . . . . .  
F l i g h t  Anomalies . . . . . . . . . . . . . . . . . .  
Conclusions . . . . . . . . . . . . . . . . . . . .  
Recommendations . . . . . . . . . . . . . . . . . .  
4 . General Test Program . . . . . . . . . . . . . . . . . .  
4.1  Vibro-Acoust ic  T e s t  Overview . . . . . . . . . . . .  
4.2  Phase I I A  Payload  Assembly  Launch 
Conf igu ra t ion   Tes t s  . . . . . . . . . . . . . . . .  
4.3  Phase I I B  Payload   Orbi ta l   Conf igura t ion  
Modal Survey . . . . . . . . . . . . . . . . . . . .  
4.4  Phase I11 Addi t iona l  I U  Acoustic Tests . . . . . . .  
5 . Dynamic S t r u c t u r a l  Model V e r i f i c a t i o n  . . . . . . . . . .  
5.1 Pre-Test  Modal Vibra t ion   Analys is  . . . . . . . . .  
5.2  Discussion  of Test Modes . . . . . . . . . . . . . .  
5.3  Corre la t ion  of Test Modes wi th  Ana ly t i ca l ly  
P red ic t ed  Modes . . . . . . . . . . . . . . . . . .  
5.4  Correlation  Improvement  Methodology . . . . . . . .  
5.5 C o r r e l a t i o n  Improvement  Procedure . . . . . . . . .  

















3- 12  















6 . Conclusions . . . . . . . . . . . . . . . . . . . . . . .  6-1 
6 . 1   S t r u c t u r a l  Modes . . . . . . . . . . . . . . . . . . . .  6-1 
6.2  System Modal C h a r a c t e r i s t i c s  . . . . . . . . . . . .  6-1 
6 . 3   S t r u c t u r a l   T e s t i n g  . . . . . . . . . . . . . . . . .  6-2 
6.4  General . . . . . . . . . . . . . . . . . . . . . . .  6-3 
7.0  Notes . . . . . . . . . . . . . . . . . . . . . . . . . .  7-1 
7.1  Abbreviat ions . . . . . . . . . . . . . . . . . . . .  7-1 
7.2  References . . . . . . . . . . . . . . . . . . . . .  7-3 
7 .3   Addi t iona l   Reference   Mater ia l  . . . . . . . . . . . .  7-5  
L i s t  of Tables  
1.1 Model Complexity  History . . . . . . . . . . . . . .  1-5 
3.1  Speech  Interference  L vels  Due t o   I n d i v i d u a l  
Noise  Sources a t  5.0 PSIA . . . . . . . . . . . . . .  3-15 
3.2 Skylab  Equipment  a d  Experiment  List  . . . . . . . .  3-17 
3.3 Experiment ERD's Reviewed . . . . . . . . . . . . . .  3-18 
3.4  Noise  Sources   Located  in  MDA . . . . . . . . . . . .  3-19 
3.5 Noise   Sources   Loca ted   in  AM/STS . . . . . . . . . . .  3-20 
3 .6   Noise   Sources   Loca ted   in  OWS . . . . . . . . . . . .  3-21 
3.7 MDA Noise  Source Power Levels  . . . . . . . . . . . .  3-32 
3.8 MDA/STS Noise  Source Power Levels   14.7 PSIA 
Atmosphere . . . . . . . . . . . . . . . . . . . . .  3-33 
3.9 MDA/STS Noise  Source Power Levels  5.0 PSIA 
Atmosphere . . . . . . . . . . . . . . . . . . . . .  3-34 
3.10 AM Noise  Source Power Leve l s   i n   Dec ibe l s  . . . . . .  3-35 
3.11 OWS Noise  Source Power Levels (Pm's)  14.7 
PSIA Atmosphere . . . . . . . . . . . . . . . . . . .  3-36 
3.12 Experiment M509 Nozzles Sound  Power Levels  
a t  5.0 PSIA Ambient Pressure  . . . . . . . . . . . .  3-37 
3.13 Experiment TO20 Nozzles Sound  Power Levels  . . . . .  3-38 
V 
- P a s  
Equivalent  A-Weighted Sound Levels Caused by 








5 .2  
5.3 
5 .4  







Skylab  Acoust ical  Compartment C h a r a c t e r i s t i c s  . . . . 3-40 
Skylab  In te r ior  Noise  Source  SPL's Measured 
During SL-3 Mission . . . . . . . . . . . . . . . . . 3-48 
Speech  In te r fe rence  Levels  Appl icable  to  SL-2, 
SL-3 and SL-4 M487 Measured Fl ight   Data  . . . . . . . 3-53 
Modif ied Speech Interference Levels  Applicable  
t o  SL-2, SL-3 and SL-4 M487 Measured F l i g h t  
Data . . . . . . . . . . . . . . . . . . . . . . . . 3-53 
S k y l a b  I n t e r i o r  SPL's Measured During Coolant 
Loop No i se   Inves t iga t ion  - SL-4 . . . . . . . . . . . 3-54 
Skylab Payload Assembly Acoustic/IU Modal 
Survey  Test  Summary . . . . . . . . . . . . . . . . . 4- 13 
I d e n t i f i c a t i o n  o f  F i r s t  S i x  N a t u r a l  F r e q u e n c i e s  
Free-Free CSM on DTA  CSM Suspension  System . . . . . 5-14 
I d e n t i f i c a t i o n  o f  F i r s t  S i x  N a t u r a l  F r e q u e n c i e s  
Free-Free ATM on DTA ATM Suspension  System . . . . . 5-15 
O r b i t a l  Modal Survey Degree of Freedom Table 
f o r  Mode Shape  and Discrete Mass Matrix . . . . . . . 5-16 
Orb i t a l  Conf igu ra t ion  (DTA) Coupled Analyt ical  
Modes .  . . . . . . . . . . . . . . . . . . . . . . . 5-17 
Orb i t a l  Conf igu ra t ion  Ana ly t i ca l  Modes GMC 
Summary . . . .. . . . . . . . . . . . . . . . . . . . 5-21 
Skylab  Orbi ta l  Conf igura t ion  Modal Survey Test, 
Valid Test Runs Arranged i n  Ascending  Order . . . . . 5-28 
Summary of Test Modes Or thogonal i ty   Resul t s  . . . . . 5-29 
Desc r ip t ion  of T e s t  Modes . . : . . . . . . . . . . . 5-30 
O r b i t a l   C o n f i g u r a t i o n   T e s t  Modes GMC Summary . . . . 5-32 
Summary of Tes t   and   Analy t ica l  Modes C o r r e l a t i o n  . . 5-33 
Cross-Orthogonality and GMC Leas t -Squa res  F i t  
R e s u l t s . . . . . . . . . . . . . . . . . . . . . . .  5-37 
v i  
. Pa e 
5.12 Pre-Test Modal S t r a in   Ene rgy   D i s t r ibu t ion  . . . . . .  5-51 
5.13 Orbi ta l   Conf igura t ion  Modal Survey  Test  Modes 
Generalized Mass Con t r ibu t ion  Summary . . . . . . . .  5-52 
5.14  Frequency  Correlation Summary . . . . . . . . . . . .  5-53 
5.15 Calculat ion  ofLeast-Squares  DA Sca l ing   Fac to r  . . .  5-54 
5.16 CSM F l e x i b i l i t y   I n f l u e n c e   C o e f f i c i e n t   D a t a  . . . . .  5-55 
5.17 Sunnnary of Test and   Analy t ica l  Modes C o r r e l a t i o n  . . 5-60 
5.18 Modal Deflect ions  Across  DA r i g i d i z i n g  Arms . . . . .  5-68 
5 .19   F l ex ib i l i t y   In f luence   Coef f i c i en t s   Across  
R ig id i z ing  A r m s  . . . . . . . . . . . . . . . . . . .  5-69 
L i s t  o f  F i g u r e s  
1.1 AAP Wet Workshop Configurat ion . . . . . . . . . . .  1-1 
1 . 2  Skylab CSM Axial Docking  Configuration . . . . . . .  1-3 
1.3 CSM Rad ia l  Docking Conf igu ra t ion  . . . . . . . . . .  1-3 
1.4 Skylab  Configurat ion  3 .1  . . . . . . . . . . . . . .  1-6 
1.5 Skylab  Configuration 1.2 . . . . . . . . . . . . . .  1-7 
1 .6   Nonl inear   Force-Def lec t ion   Rela t ionship  . . . . . . .  1-8 
1.7  Skylab A Orbi ta l   Conf igura t ion   (Conf igura t ion  6) 
Test Setup Modal Survey Tests . . . . . . . . . . . .  1-10 
1.8 Skylab Component Systems . . . . . . . . . . . . . .  1-12 
1 .9  FAS/IU/OWS . . . . . . . . . . . . . . . . . . . . .  1-13 
1.9a OWS Solar  Array  S stem . . . . . . . . . . . . . . .  1-14 
1.10 MDA/STS/MDA Model . . . . . . . . . . . . . . . . . .  1-16 
1.10a  Air lock Module . . . . . . . . . . . . . . . . . . .  1-17 
1.10b MDA . . . . . . . . . . . . . . . . . . . . . . . . .  1-18 
1.11 Axia l ly  Docked CSM . . . . . . . . . . . . . . . . .  1-20 
vi i 










2 .1  
2.2 
2.3 









Apollo  Docking Pr.obe Assembly . . . . . . . . . . . .  1-21 
.
Deployed ATM . . . . . . . . . . . . . . . . . . . .  1-23 
Apollo  Telescope Mount . . . . . . . . . . . . . . .  1-24 
ATM Rack  Model . . . . . . . . . . . . . . . . . . .  1-25 
Flow Char t  for  Developing  AT" Rack F l i g h t  
LoadsModel . . . . . . . . . . . . . . . . . . . . .  1-26 
SL ATM Retained Gimbal Ring Assemble 
S t r u c t u r a l  Model . . . . . . . . . . . . . . . . . .  1-27 
GRA Ro l l e r   E f fec t ive   Sp r ing  Rates . . . . . . . . . .  1-28 
S L  ATM C a n i s t e r   S t r u c t u r a l  Model . . . . . . . . . .  1-29 
Undeployed DA Model . . . . . . . . . . . . . . . . .  1-30 
Graphic Summary of Model Evolut ion . . . . . . . . .  1-32 
Chronology  of Modal Analysis  Methodology . . . . . .  2-3 
Chronology  of  Docking  Response  Methodology . . . . .  2-7 
Chronology of  Eigensolut ion Sensi t ivi ty  t o  . 
Parametr ic  Model P e r t u r b a t i o n s  . . . . . . . . . . .  2-8 
Acoustical  Noise Limits Acceptable f o r  
Continuous Exposure . . . . . . . . . . . . . . . . .  3-14 
Locat ion of MDA and STS Noise  Sources . . . . . . . .  3-23 
Location  of MDA and STS Noise  Sources . . . . . . . .  3-24 
Location  of AM/STS Noise  Sources . . . . . . . . . .  3-25 
Locat ion of AM/STS Noise  Sources . . . . . . . . . .  3-26 
Location  of OWS Noise  Sources . . . . . . . . . . . .  3-27 
Location of Noise Sources i n  OWS Forward 
Compartment . . . . . . . . . . . . . . . . . . . . .  3-28 
Locat ion of Noise Sources  in  OWS Forward 
Compartment . . . . . . . . . . . . . . . . . . . . .  3-29 
v i i i  


















Location of Noise Sources i n  Experiment 
Compartment . . . . . . . . . . . . . . . . . . . . . 3-30 
Locat ion of Noise Sources i n  OWS Wardroom 
Compartment . . . . . . . . . . . . . . . . . . . . . 3- 3 1 
Estimated MDA/STS Reverberation Times a t  
Atmospheric  Pressures  of  14.7  and  5.0 PSIA . . . . . 3-41 
Estimated AM Reverberat ion Times a t  Atmospheric 
P res su res  of  14.7  and  5.0 PSIA . . . . . . . . . . . 3-42 
E s t i m a t e d  OWS Reverbera t ion Times a t  Atmospheric 
P res su res  of  14.7  and  5.0 PSIA . . . . . . . . . . . 3-43 
Measurement  Locations i n   t h e  OWS Af t  Compartment . . 3-44 
Measurement Locations i n  t h e  OWS Forward 
Compartment . . . . . . . . . . . . . . . . . . . . . 3-45 
Measurement  Location i n   t h e  STS/AM . . . . . . . . . 3-46 
Measurement  Location i n   t h e  MDA . . . . . . . . . . . 3-47 
Comparison of Predicted and Measured SPL's i n  
MDA/STS a t  5.0 PSIA . . . . . . . . . . . . . . . . . 3-49 
Comparis,on of Predicted and Measured SPL's i n  
AM a t  5.0 PSIA . . . . . . . . . . . . . . . . . . . 3-50 
Comparison of Predicted and Measured SPL's 
i n  OWS a t  5.0 PSIA . . . . . . . . . . . . . . . . . 3-51 
Comparison of Measured Acoustic Levels i n  
Skylab . . . . . . . . . . . . . . . . . . . . . . . 3-52 
Payload Assembly Test Article Launch 
Conf igura t ion  . . . . . . . . . . . . . . . . . . . . 4-6 
Payload  Assembly Test - Air lock  Module . . . . . . . 4-7 
Payload Assembly Test - M u l t i p l e  Docking 
Adapter , -Y Sect ion  . . . . . . . . . . . . . . . . . 4-8 
Payload Assembly Tes t  - Multiple Docking 
Adapter,  +Y Sect ion  . . . . . . . . . . . . . . . . . 4-9 
MSC Spacecraf t  Acoust ic  Laboratory Payload 
Assembly Test Conf igura t ion  . . . . . . . . . . . . . 4-10 







5 . 1  
5.2 
5.3 











Acous t ic   Sys tem  for  PA Tes t ing  . . . . . . . . . . .  4-11 
Data  Acquis i t ion  System  for  PA T e s t i n g  . . . . . . .  4-12 
Thrus te r   Dr iv ing   Loca t ions  . . . . . . . . . . . . .  4-17 
Shaker  Suspension  System . . . . . . . . . . . . . .  4-18 
Block  Diagram  of  Control  System . . . . . . . . . . .  4-19 
Modal Survey  Test   Setup . . . . . . . . . . . . . . .  4-21 
Skylab A Orb i t a l  Conf igu ra t ion  (Conf igu ra t ion  6 )  
Test Setup Modal Survey Tests . . . . . . . . . . . .  5-9 
Base Ring/OWS Forward Skirt/IU/FAS Model f o r  
Conf igu ra t ion  6 . . . . . . . . . . . . . . . . . . .  5-10 
MDA/STS/AM Model . . . . . . . . . . . . . . . . . .  5-11 
ATM Rack  Model . . . . . . . . . . . . . . . . . . .  5-12 
Axia l ly  Docked CSM . . . . . . . . . . . . . . . . .  5-13 
Component GMC Summaries vs  Frequency . . . . . . . .  5-38 
Component QVIC Summaries vs Frequency . . . . . . . .  5-39 
Component GMC Summaries vs Frequency . . . . . . . .  5-40 
T e s t / A n a l y t i c a l  Mode Comparison . . . . . . . . . . .  5-56 
Test /Analyt icalMode  Comparison . . . . . . . . . . .  5-57 
T e s t / A n a l y t i c a l  Mode Comparison . . . . . . . . . . .  5-58 
T e s t / A n a l y t i c a l  Mode Comparison . . . . . . . . . . .  5-59 
Rate Gyro Time His tory  and  Four ie r  
Analysis  . . . . . . . . . . . . . . . . . . . . . .  5-70 
X 
INTRODUCTION ".  .". __- ~ ~ ." 
The Sky lab  c lus t e r  i s  the  most  complex  spacecraf t  s t ruc ture  
t h a t   h a s  ever been  analyzed,  assembled,  tested  and  f lown.  Skylab 
w a s  an extension of  the Apollo Applicat ions Program (AAP) and was 
in tended  to  provide  an  exper imenta l  man r a t e d  l a b o r a t o r y  i n  s p a c e  
ut i l iz ing pr imary components  and systems developed under  the 
A p o l l o  program.   This   repor t   represents  a compendium of  Skylab 
s t r u c t u r a l  dynamics a n a l y t i c a l  and tes t  programs.  These  pro- 
grams a re  a s ses sed  t o  i d e n t i f y  l e s s o n s  l e a r n e d  f r o m  t h e  s t r u c t u r a l  
dynamic p r e d i c t i o n  e f f o r t  and t o  p r o v i d e  g u i d e l i n e s  f o r  f u t u r e  
a n a l y s t s  and  program  managers  of  complex  spacecraft  systems. It 
i s  a synops i s  o f  t he  s t ruc tu ra l  dynamic e f for t  per formed under  
the  Sky lab  In t eg ra t ion  con t r ac t  and s p e c i f i c a l l y  c o v e r s  t h e  
deve lopmen t ,  u t i l i za t ion  and c o r r e l a t i o n  of  Skylab Dynamic Orb i t -  
a l  Models. 
The Apollo Applications Program was i n i t i a t e d  i n  1 9 6 5 ,  a n d  
cont inued to  1969,  when the program was o f f i c i a l l y  t i t l e d  S k y l a b .  
Ea r ly  conf igu ra t ions  inc luded  the  LEM docking systems, MDA with  
f i v e  d o c k i n g  p a r t s ,  boom sys tems and  cons idera t ion  of  ro ta t ing  
space  s t a t ion  us ing  S-IVb, CSM, LEM a n d  S - I 1  s t a g e s ,  t o  c r e a t e  
a r t i f i c i a l   g r a v i t y   e n v i r o n m e n t s .  The pr ime  considerat ion  a lways 
was the development  of  an orbi t ing space laboratory with self  
contained power to  permi t  ex tended  man e x p l o r a t i o n  o f  h i s  p l a n e t  
and  surrounding  environment .   Specif ical ly ,   the   developed  space 
s t a t i o n  was t o  b e  d e s i g n e d  u t i l i z i n g ,  w h e r e  p o s s i b l e ,  e x i s t i n g  
"off  the shelf"  s t ructural  hardware from the Apollo program. 
Skylab ,   therefore ,   represented   an   evolved   s t ruc tura l   des ign  
u t i l i z i n g  e x i s t i n g  s p a c e  h a r d w a r e  e x c e p t  f o r  s p e c i f i c  manned 
laboratory  and  experimental   requirements .   These  included  develop-  
ment of the Multiple Docking Adapter (MDA), deployment  assembly 
f o r  a redes igned   ( inver ted)   lunar   decent   vehic le  (Am) r equ i r ed  
to  house  the  space  t e l e scopes ,  necessa ry  so l a r  a r r ay  a s sembl i e s  
t o  p r o v i d e  power  and mod i f i ca t ion  o f  t he  th i rd  s t age ,  S I%,  o f  
t he  Sa tu rn  V t o  p r o v i d e  f o r  a n  O r b i t a l  Workshop (OWS). 
The development  of  such an orbi t ing,  manrated laboratory,  
required development of s i g n i f i c a n t  dynamic methodologies to pre- 
dict  expected response and load performances during orbi ta l  
opera t ion .  These pr inc ipa l ly   concerned   the   genera t ion   of   advanced  
s t a t e  o f  t h e  a r t  t e c h n o l o g i e s  a s s o c i a t e d  w i t h :  
xi 
o Docking r e sponse   s tud ie s .  
o Modeling  of  complex  structure.  
o Vibra t ion   ana lyses   o f   l a rge   degree  of freedom  systems. 
o Acoust ic ,   v ibrat ion  and  shock c r i te r ia .  
o T e s t i n g   o f   o r b i t a l   s t r u c t u r a l   a s s e m b l i e s .  
A s  a summary o f  t h e  d e t a i l e d  t e c h n i c a l  e f f o r t  i n c l u d e d  
during the development phases of Skylab, w e  r e p r e s e n t  t h r e e  
cycles   of   developed  s t ructural   models .   These  cycles   repre-  
sented:  
o In i t ia l   o r   p re l iminary   Skylab   des ign   model .  
o Models  developed  and  used t o  v e r i f y  dynamic tes t .  
o F i n a l   a n a l y t i c a l   s t r u c t u r a l   m o d e l s ,   c o r r e l a t e d   w i t h  
dynamic t e s t  and  used  to  ve r i fy  f l i gh t  r ead iness  and 
l a u n c h  s u p p o r t  a c t i v i t i e s .  
The NASA S k y l a b  s t r u c t u r a l  t es t  program consis ted of  both 
s t a t i c  and  ynamic tes t .  These   inc luded   s t ruc tura l  t es t s  on 
components, subsystems and major assemblies and w e r e  performed 
a t  c o n t r a c t o r ,  NASA J S C  and NASA MSFC t e s t  f a c i l i t i e s .  S t a t i c  
tes t  i n c l u d e d  i n f l u e n c e  c o e f f i c i e n t ,  s t a t i c  load and t ens ion  
tes t .  These t es t s  p roduced  da ta  r equ i r ed  in  the  ea r ly  des ign  
phase  and  necessa ry  in  the  deve lopmen t  o f  ana ly t i ca l  s t ruc tu ra l  
models.  Solar  array  and  assembly  deployment,  performance  and 
f o r c e d  r e s p o n s e  s t r u c t u r a l  t e s t i n g  were completed but are beyond 
the  scope  of  th i s  s tudy  and  are not i nc luded  wi th in  the  r epor t .  
E x t e n s i v e  s t r u c t u r a l  dynamic payload vibroacoustic t e s t s  were 
performed on both  launch  and  orb i ta l  payload  assembl ies ,  i . e . ,  
forward o f  v e h i c l e  s t a t i o n  3200. The dynamic t e s t s  were  per- 
formed to  ve r i fy / co r re l a t e  v ib ra t ion  env i ronmen t s  and  de r ived  
s t r u c t u r a l   a n a l y t i c a l   d a t a .  Of p r i n c i p a l   c o n c e r n ,   f o r   t h i s  
r e p o r t ,  i s  the orbi ta l  payload assembly acoust ic  and modal survey 
tes t s .  A n a l y t i c a l  model t es t  d a t a   c o r r e l a t i o n   s t u d i e s   r e s u l t e d  
i n  a more de ta i led  zonal  v ibra t ion  c r i te r ia  and  minor  modi f ica-  
t ion  in   the  deployment   assembly  analyt ical   model .   Signif icant  
t e s t ing  ph i losoph ies ,  p rocedures  and ins t rumenta t ion  requi rements  
f o r  f u t u r e  complex s t r u c t u r a l  t e s t  were developed during this  
t e s t  p rogram.   In   fac t ,  a l a r g e  amount of t es t  d a t a  r e l a t i n g  t o  
s t r u c t u r a l  and  modal  damping,  automatic t e s t  procedures ,  
v i b r a t i o n  c r i t e r i a  r e s o l u t i o n ,  and t e s t  in s t rumen ta t ion  r equ i r e -  
ments were obtained and as yet remains unused. 
Program changes during the las t  year  of  t he  Sky lab  p ro jec t  
r e su l t ed  in  r educed  s t ruc tu ra l  f l i gh t  i n s t rumen ta t ion  wh ich  
x i  i 
g r e a t l y  hampered d e t a i l  e v a l u a t i o n  o f  t h e  S k y l a b  m i s s i o n  e x c e p t  
f o r  some phases   o f   i gn i t i on ,   l i f t o f f   and   l aunch  times. However, 
u t i l i z a t i o n  o f  t h e  l i m i t e d  d a t a  a v a i l a b l e  d i d  p r o v i d e  some f l i g h t  
co r re l a t ion  da ta  wi th  an  in s igh t  i n  wha t  da t a  are requi red  for .  
future   systems.   Provided as a summary t o  t h i s  r e p o r t  i s  a 
r e l a t i v e l y  d e t a i l  c r i t i c a l  review of  the Skylab program, decis ions 
made and d e f i n i t i v e  recommendations f o r , f u t u r e  dynamic programs 
o f  t h i s  n a t u r e .  
' In t e r spaced  wi th in  the  r epor t  are s t r u c t u r a l  model sources ,  
i l l u s t r a t i o n  o f  t h e  a n a l y t i c a l  m o d e l s ,  u t i l i z a t i o n  o f  m o d e l s  a n d  
t h e  r e s u l t a n t  d e r i v e d  d a t a ,  d a t a  s u p p l i e d  t o  o r g a n i z a t i o n s  a n d  
s u b s e q u e n t  u t i l i z a t i o n ,  a n d  s p e c i f i c a t i o n s  o f  model cycles. 
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1. STRUCTURAL  MODEL  DEVELOPMENT 
The Skylab program was an outgrowth of the Apollo Application's 
Program (AAP), i n i t i a t e d  i n  1965.  Actually,   the  Skylab was a f i n a l  
conf igu ra t ion  des igna t ion  wh ich  had evolved from numerous trade studies 
dur ing  the  AAP program. 
T h e s e  s t u d i e s  f e s u l t e d  i n  t h e  p r e l i m i n a r y  d e s i g n  of the Apollo 
Telescope Mount (ATM) and  Orbi ta l  Workshop (OWS) Solar  Arrays ,  Mul t ip le  
Docking Adapter (MDA), or iginat ion of  the docking program, ATM and i t s  
t e l e scope  conf igu ra t ion ,  Gimbal  Ring  Assembly,  Space S t ruc tu re  Trans i -  
t i o n  S e c t i o n  (STS) , Air lock  Module (AM) wi th  the  AM t russes  and  a pre-  
l iminary  OWS f l o o r   c o n f i g u r a t i o n .   T h i s   c o n f i g u r a t i o n ,   p r e s e n t e d   i n  
F igure  1.1 was r e f e r r e d  t o  a s  t h e  "wet  workshop". 
, , [ ,- ATM-SAS L H I A T M  
Figure  1.1 - AAP Wet Workshop C.onfiguration 
The Skylab program was o f f i c i a l l y  i n a u g u r a t e d  i n  1969 with one 
conf igu ra t ion ,   bu t  two concepts.   These  concepts were i d e n t i f i e d  a s  
w e t  o r  d r y  O r b i t a l  Workshops,  which referred to a l ive o r  s p e n t  t h i r d  
s t a g e ,  S-IVb, Saturn  V workshop. 
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The d e c i s i o n  was made to  rep lace  the  Lunar  Kodule  (LM) and i t s  
docking  por t  wi th  the  Apol lo  Telescope  Mount (ATM) and Deployment A r m  
(DA), which  s impl i f ied  the  miss ion  by d e l e t i n g  t h e  LM docking event .  
The S k y l a b  o r b i t a l  c l u s t e r  c o n s i s t s  o f  t h e  O r b i t a l  Workshop (OWS), 
Ins t rument  Uni t  (IU) , Fixed Airlock Shroud (FAS) , Air lock  Module (AM), 
S t ruc tu ra l  T rans i t i on  Sec t ion  (STS), DA t r u s s ,  M u l t i p l e  Docking Adapter 
(MDA), deployed ATM and  deployed SASS of  the ATM and OWS.  When t h e  
Command and Service Module (CSM) docked t o  t h e  a x i a l  p o r t  o f  t h e  MDA, 
(Figure  1 .2) ,  i t  r e s u l t e d  i n  t h e  A x i a l  C o n f i g u r a t i o n .  The rescue  mis- 
s ion  requi red  the  use  of  another  CSM docked t o  t h e  MDA r a d i a l  p o r t ;  t h i s  
was r e f e r r e d  t o  a s  t h e  R a d i a l  C o n f i g u r a t i o n  ( F i g u r e  1.3). 
L a t e  i n  1969, t h e  d r y  workshop was o f f i c i a l l y  a d a p t e d  a s  t h e  S k y l a b  
conf igu ra t ion .   Th i s   s ec t ion  documents the  development  and  design  of  the 
s t r u c t u r a l  models associated with the Skylab Dry  Workshop conf igu ra t ion .  
1.1 Skylab  Vibration  Analyses  Chronology 
The w e t  workshop mathematical models were rep resen ted  p r imar i ly  
wi th  equ iva len t  beam s t i f f n e s s e s .  T h i s  " s t i c k "  model cons is ted  of  a 
mass spring representat ion of  the modules  which made up the  conf igura-  
t i o n  of Figure 1.1. Only the  ATM r a c k  s t r u c t u r a l  model was a f i n i t e  
e l emen t .  r ep resen ta t ion  o f  t he  s t i f fnes s  o f  t he  ac tua l  s t ruc tu re .  The 
formulat ion of  such a model i n v o l v e d  t h e  i d e a l i z a t i o n  o f  a n  a c t u a l  
s t r u c t u r a l  member o r  assembly of members i n t o  a series of d i s c r e t e  o r  
o r  f i n i t e  e l emen t s .  These  e l emen t s  were considered  to   be  connected 
a t  node p o i n t s  t o  f o r m  a network or model from which s t i f f n e s s  c h a r -  
a c t e r i s t i c s  c o u l d  b e  o b t a i n e d  f o r  t h e  s t r u c t u r e ,  u s i n g  a d i g i t a l  com- 
puter  program. The M a r t i n  M a r i e t t a  s y s t e m  o f  s t r u c t u r a l  a n a l y s i s  
programs u t i l i z e d  t h e  d i r e c t  s t i f f n e s s  method. A s t i f f n e s s  matrix 
was formed f o r  e a c h  d i s c r e t e  e l e m e n t  ( a x i a l  member,  beam, p l a t e ,  e t c . )  
and  the  e lement  s t i f fness  matrices were merged t o  f o r m  t h e  o v e r a l l  s t i f f -  
ness  ma t r ix  fo r  t he  en t i r e  a s sembly  r ep resen ted  by t h e  model. To ob ta in  
good r e p r e s e n t a t i v e  s t i f f n e s s  c h a r a c t e r i s t i c s  of t h i s  complex s t ructure ,  
t h e  o r i g i n a l  model was formed i n  more d e t a i l  t h a n  t h a t  u s e d  i n  t h e  dynamic 
model. The l a r g e  s t i f f n e s s  m a t r i x  was then  reduced  or   col lapsed  to   one of 
more  manageable  proportions. The e f f e c t  o f  a l l  i n t e r m e d i a t e ,  o r  c o l l a p s e d ,  
s t i f f n e s s e s  was r e t a i n e d  i n  t h e  f i n a l  s t i f f n e s s  m a t r i x .  
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Figure  1 . 2  - Skylab CSM Axial Docking Configuration 
F igure  1.3 - CSM Radial  Docking Configuration 
The main c l u s t e r  c o n f i g u r a t i o n  was d e f i n e d  a s  shown i n  F i g u r e s  1 . 4  
and 1.5. D u r i n g  t h e  i n i t i a l  p h a s e s  of t h e  S k y l a b  c l u s t e r  s t r u c t u r a l  
conf igu ra t ion  r ede f in i t i on  f rom a docked ATM and "we t  workshop" t o  t h e  
deployed ATM and "dry workshop" s t r u c t u r a l  a n a l y t i c a l  models of the 
pr incipal  Skylab systems were i n  a s t a t e  of change. 
The mathematical models became la rger  and  more compl i ca t ed  a s  t he  
Sky lab   s t ruc tu ra l   des ign   cyc le   p rog res sed .   Tab le  1.1 i l l u s t r a t e s  t h e  
DOF and subsequent mode inc rease .  
I n  1970, t he  NASA a s s o c i a t e  c o n t r a c t o r s  p r o v i d e d  b e t t e r  mass and 
s t i f f n e s s  matrices f o r  t h e  compo'nents which comprised Skylab configura- 
t i o n s  t h a n  t h o s e  u s e d  i n  t h e  o r i g i n a l  s t i c k  model w e t  workshop. I n  t h e  





beam elements  (EI ,  AE, KAG, GJ). A l l  other  components  of  the  model  were 
represented  wi th  free-free and  f ixed- f ree  mass a n d  s t i f f n e s s  matrices. 
The to t a l  deg rees  o f  f r eedom (DOF) which made up the  model ,  p r ior  to  any  
reduct ion,  approached 20,000 DOF. 
The technfque used to compute the modes  was  modal coupl ing (Reference 
1) , with  the  modes of the various components being computed separately.  
These uncoupled modes were mathematical ly  coupled and t ransformed to  form 
a set  of coupled modes.  During th i s  coup l ing  p rocess ,  a f r equency  cu to f f  
c r i t e r i o n  was de f ined  fo r  t he  coup led  mode set. The frequency l i m i t  then  
de termines  the  number of component modes r e q u i r e d  i n  t h e  c o u p l e d  a n a l y s i s .  
It i s  known t h a t  some component modes a r e  more impor tan t  than  o thers  
i n  modal coupl ing.  The obv ious  p l ace  to  look f o r  t h e  i m p o r t a n t  component 
modes was i n  t h e  ATM and OWS s o l a r  a r r a y s ,  s i n c e  t h e s e  two components ac- 
counted  for  approximate ly  80 pe rcen t  o f  t he  to t a l  number of modes r equ i r ed .  
The method f o r  s e l e c t i n g  t h e  i m p o r t a n t  component modes invo lved  se l ec t ing  
t h e  s o l a r  a r r a y  modes which had t h e  l a r g e s t  effect  on the  main beam re- 
sponse  and  discarding a l l  o t h e r s  i n  t h e  v i b r a t i o n  a n a l y s i s .  To c a l c u l a t e  
accu ra t e  loads  on t h e  s o l a r  a r r a y s ,  a l l  p a n e l  modes had t o  be  used. The 
method  employed was t o  c a l c u l a t e  t h e  a c c e l e r a t i o n s  a t  t h e  s o l a r  p a n e l  
attachment point on the model with the truncated panel modes and to  use  
d e r i v e d  a c c e l e r a t i o n s  t o  b a s e  d r i v e  t h e  s o l a r  a r r a y  c a n t i l e v e r e d  modes. 
I n  1971, i t  was r ecogn ized  tha t  t he  v ib ra t ion  ana lyses  used  fo r  t he  
loads  ana lyses  were n o t  n e c e s s a r i l y  s u f f i c i e n t  f o r  c o n t r o l  s y s t e m  a n a l y -  
ses. The concept of uniform frequency cutoff was u s e d  f o r  t h e  c o n t r o l s  
model. The concept  was t o  r e t a i n  a l l  modes of  each  component t o  a speci- 
f i c  frequency determined by the s ize  l imitat ion of  the computer  program, 
which a t  t h a t  time was 115 DOF. The modal s e l e c t i o n  t e c h n i q u e  d i d  n o t  
guarantee  maximum c o n t r o l  moment gyro (CMG) or  r a t e  gy ro  mot ion .  O f  
c o u r s e ,  t h i s  l i m i t e d  t h e  f r e q u e n c y  d e f i n i t i o n  i n  t h e  c o n t r o l s  model t o  
s l i g h t l y  less than 5.0 cps .  A s  one   might   suspec t ,   th i s  was not   adequate  
f o r  l o a d s  c a l c u l a t i o n s .  Here aga in ,   t he  modal s e l e c t i o n   t e c h n i q u e  was 
employed t o  i n c r e a s e  t h e  f r e q u e n c y  d e f i n i t i o n  of the loads model above 
10 c p s .  
I n  1972,  the decis ion was made to  a s ses s  the  accu racy  o f  t he  loads  
v e r s u s  t h e  c o n t r o l s  modes, t o  a s s e s s  t h e  v a l i d i t y  of s o l a r  a r r a y  modal 
s e l ec t ion  t echn iques ,  and  to  de t e rmine  an  accep tab le  f r equency  f ide l i t y  
f o r  v i b r a t i o n  a n a l y s e s .  It was c o n c l u d e d  t h a t  a l l  f u t u r e  v i b r a t i o n  
ana lyses  would c o n t a i n  i n d i v i d u a l  component f r e q u e n c i e s  e q u a l  t o  o r  
g rea t e r  t han  15.0 c p s .  The so lar  a r rays  used  consecut ive  uncoupled  
modes  up t o  5.0 c p s  and used modal  select ion techniques for  def ining 
important  modes  up t o  15.0 c p s .  A s i n g l e  model for  bo th  loads  and  
cont ro ls  ana lys i s ,  de te rmined  in  accordance  wi th  the  a forement ioned  
c r i t e r i a ,  was cons idered  more a c c u r a t e  t h a n  p r e v i o u s  v i b r a t i o n  a n a l y s e s  
based on consecut ive  modes and  f requency  cu tof f  for  a l imi t ed  number of 
coupled modes.  The mathematical models w e r e  now s o  complex t h a t  t h e ' f i n a l  
modal coupling run using over 200 DOF r equr ing  a CDC 350K c o r e  s t o r a g e  
capac i ty .  
Table 1.1 - Model Complexity History 
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Figure  1.6 - Nonl inear  Force-Def lec t ion  Rela t ionship  
1.2  Evolut ion  of   Structural   Models  
Throughout the 3 year development program, hardware changes and 
r a i s e d  mass and s t i f f n e s s  d e f i n i t i o n  o f  t h e  s t r u c t u r e ,  r e q u i r e d  up- 
dating  of  the  Skylab  mathematical  models.  Three t i m e  periods  have  been 
chosen  as  representa t ive  of  the  program to  i l lus t ra te  Skylab  model 
evo lu t ion .  The f i rs t  o r  i n i t i a l  model was documented i n  J u l y  1970, 
and was t h e  f i r s t  f o r m u l a t i o n  of the   "Skylab"   c lus te r .  The second  or 
pretest model ,  represented  the  Skylab  conf igura t ion  jus t  p r ior  to  the  
Ground Vibration  Survey (GVS). Add i t iona l ly ,  pretest modes were de- 
r ived  us ing  a dynamic tes t  c o n f i g u r a t i o n  a s  shown i n  . F i g u r e  l. 7 .  The 
f i n a l  o r  p r e f l i g h t  model was documented i n  December  1972. It represented  
t h e  f i n a l  f l i g h t  model  and c o n t a i n e d  s t i f f n e s s  s c a l i n g  f a c t o r s  d e r i v e d  
dur ing  GVS c o r r e l a t i o n  s t u d i e s .  T h i s  model was u s e d  f o r  f i n a l  f l i g h t  
r e a d i n e s s   r e v i e w s ,   f l i g h t   a n o m a l i e s   s t u d i e s   a n d   f l i g h t   e v a l u a t i o n .   T h i s  
report  does not  document  the Skylab anomalies  s tudies .  
# 
Prime Skylab mission configurat ions are  shown i n  F i g u r e s  1.4 and 
1.5. S t r u c t u r a l  model evo lu t ion  is  shown a s  a p i c t o r i a l  r e p r e s e n t a t i o n  
i n  F i g u r e s  1.8 through 1.13. These   f i gu res   r ep resen t ,   i n  a s i m i l a r  
manner ,  the mathematical  model ing associated with the vibrat ion s tudies  
(see Sec t ion  1-1). These  component  systems/assemblies will be  used  to  
i l l u s t r a t e  t h e  d e t a i l e d  model development of Skylab. 
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An i n t e r e s t i n g  l e a r n i n g  e x p e r i e n c e  came t o  t h e  s u r f a c e  i n  t h e  f i e l d  
of  mathematical  modeling. The Skylab  models were developed  from  approxi- 
mately 11 modules. I n  t h e  modal coupl ing procedure,  several  modulus were 
t i e d  t o g e t h e r  t o  f o r m  a main beam.  The remaining modulus were modally 
coupled to  the main beam. For  this  example,  the main beam cons i s t ed  o f  
t h e  FAS, I U  and OWS modules. The f i n i t e  e l e m e n t  models f o r  t h e s e  s t r u c -  
t u r e s  were developed by NASA a s s o c i a t e  c o n t r a c t o r s .  H i s t o r i c a l l y ,  i n -  
t e r f ace  loads  had  been  r equ i r ed  a t  t he  FAS/IU and IU/OWS, which made i t  
d e s i r a b l e  t o  h a v e  a c e n t e r l i n e  p o i n t  a t  e a c h  o f  t h e s e  i n t e r f a c e s .  T h e r e  
i s  a l i m i t a t i o n  t o  t h e  number of degrees of freedom which can be retained 
i n  a dynamics  model.  Another  reason t o  m a i n t a i n  a c e n t e r l i n e  node p o i n t  
i s  t o  make the  main beam module compa t ib l e  wi th  the  s i zes  o f  t he  o the r  
modules.  However, t h e  c e n t e r l i n e  c o o r d i n a t e s  were n o t  modeled i n  t h e  
o r i g i n a l  model. To d e r i v e  a c e n t e r l i n e  node  po in t ,  t he  r ad ia l  deg rees  
of freedom were f i r s t  r e d u c e d  o u t  t o  a l l o w  r a d i a l  m o t i o n  t o  o c c u r  i n  a 
t y p i c a l  b r e a t h i n g  mode manner. A geomet r i c  t r ans fo rma t ion  r e l a t ing  I U  
ring motion of a l l  t a n g e n t i a l  and  long i tud ina l  coord ina te s  in  terms of 
motion a t  the  I U  c e n t e r l i n e  r e d u c e d  f u r t h e r  t h e  number of I U  r i n g  i n t e r -  
face  coordinates .   Coupl ing  which  occurred  between  the  radial   and  tangen-  
t i a l  d e g r e e s  of freedom i n  e f f e c t  c o n s t r a i n e d  t h e  I U  r i n g  m o t i o n  r a d i a l l y .  
A v i sua l  ana logy  o f  t h i s  phenomenon i s  to  imagine  tha t  the  I U  c e n t e r l i n e  
po in t  r ep resen t s  t he  mot ion  of a r a d i a l l y  s l o t t e d  r i g i d  p l a t e .  This 
caused the OWS-SAS l o a d s  t o  be conserva t ive  to  the  poin t  of  exceeding  
publ ished  design l i m i t s .  I n  o r d e r  t o  a l l e v i a t e  t h i s  s i t u a t i o n ,  a l l  I U  
coord ina te s  were col lapsed out  of  the main beam model.  This  allowed 
t h e  main beam s t i f f n e s s  model t o  r e f l e c t  t h e  OWS-SAS a t t a c h  p o i n t  f lexi-  
b i l i t y  as d e f i n e d  i n  t h e  o r i g i n a l  I U  f in i t e  e l emen t  mode l ,  t hus  a l l ev ia -  
t ing  the  problem wi th  the  OWS-SAS loads .  
A f a c e t  of modeling which had t o  be considered on Skylab was pro- 
v id ing  an  adequate  v ibra t ion  ana lys i s  where  i t  was known t h a t  a component 
of   the   conf igura t ion   exhib i ted   nonl inear   behavior .   This  was t r u e  p a r t i c u -  
l a r l y  i n  t h e  ATM where the gimbal  r ing assembly (GRA) i s  suspended within 
the  r ack  on a non l inea r  sp r ing .  The s p r i n g  r a t e  i s  h i g h  f o r  small def l ec -  
t i o n s  up to  the  po in t  where  the  p re load  in  the  sp r ing  i s  re l ieved  and  
becomes s o f t  t h e r e a f t e r ,  u n t i l  t h e  GRA bot toms out  on the rack s top.  A 
s i m p l e  i l l u s t r a t i o n  of t h i s  problem i s  demonstrated with the load-def lec- 
t i o n  c u r v e  of Figure 1.6.  For  a c o n t r o l  s y s t e m  v i b r a t i o n  a n a l y s i s ,  where 
v e h i c l e  f o r c e s  a r e  small, i t  i s  r easonab le  to  use  a GRA s p r i n g  c o n s t a n t  
based  on  the  force  def lect ion  range  which  passes   through  the  or igin.  The 
docking  and  la tch ing  forc ing  func t ions  cause  GRA responses  and corres-  
ponding  def lec t ions  which  opera te  in  the  nonl inear  range .  The c o s t  and 
schedule  i m p a c t  of performing a non l inea r  ana lys i s  d i c t a t ed  the  use  o f  
a n  i t e r a t i v e  p r o c e s s  i n  t h e  v i b r a t i o n  a n a l y s i s  u s i n g  t h e  s p r i n g  c o n s t a n t s  
and frequencies   determined  f rom  the  dashed  l ines   of   Figure  1 .6 .   Lucki ly ,  
a f e w  i t e r a t i o n s  o f  t h e  GRA frequency produced a model which provided 
l o a d s  c o n s i s t e n t  w i t h  t h e  d e s i r e d  f o r c e - d e f l e c t i o n  r e l a t i o n s h i p .  
.- 
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1.2 .1  Orbi ta l  Workshop Assembly - The o r b i t a l  workshop  assembly 
a n a l y t i c a l  model evolved  f rom.an  Apol lo  launch  conf igura t ion  beam s t i f f -  
ness  model  used i n  t h e  i n i t i a l  S k y l a b  a n a l y s e s .  P r i n c i p a l  c h a n g e s  t o  
t h i s  model r e l a t e d  t o  more de t a i l ed  r ep resen ta t ions  o f  t he  So la r  Ar ray  
Sys t e m ,  the  backup s t ruc ture  which  re f lec ted  mot ion  of  the  a r rays  to  a 
c e n t e r  l i n e  m o d e l ,  a n d  i n t e r f a c e  p o i n t s  f o r  c o m p a t i b i l i t y  t o  t h e  STS/ 
AM/AM-TRUSS subassembly. 
The  model was composed  of three  major  subassemblies.  These were 
t h e  OWS s t r u c t u r a l  model, OWS Solar Array System, and the FAS/IU assem- 
bly.   (See  Figures  1.8, 1.9  and  1.9a) 
1.2.1.1 OWS S t r u c t u r a l  Model - The i n i t i a l  model was represented  
by a six mass p o i n t ,  6 DOF, c e n t e r l i n e  model.  This  model a c t u a l l y  
r e p r e s e n t e d  t h e  s t i f f n e s s  a s s o c i a t e d  w i t h  a s p e n t  t h i r d  s t a g e ,  S I n ,  
of  the Apollo launch vehicle .  The r e s u l t i n g  36  by 36 f r e e - f r e e  mass  and 
s t i f f n e s s  m a t r i c e s  were c o l l a p s e d  t o  28 by 28 ma t r i ces .  The primary  con- 
ce rn  a s soc ia t ed  wi th  th i s  a s sembly  was u p g r a d i n g  t h e  s t i f f n e s s  m a t r i x  t o  
r e f l e c t  a d r y  workshop conf igu ra t ion .  
Both the pre tes t  and f l i g h t  models  of th i s  assembly  were represented  
by a s i x  c e n t e r l i n e  p o i n t  model r e s u l t i n g  i n  36  by 36 mass and s t i f f n e s s  
ma t r i ces .  The f i n a l  model d i d  r e f l e c t  r e v i s e d  s t i f f n e s s  d a t a  a s s o c i a t e d  
w i t h  t h e  a f t  s k i r t  s e c t i o n ,  b u t  i t s  e f f e c t  t o  t h e  o v e r a l l  modal c h a r a c t e r i s -  
tics were minor.  However,  changes i n  t h e  mass da t a   du r ing   t he   t h ree  
modeling periods were s i g n i f i c a n t .  
1.2.1.2 OWS Solar  Array System - Detailed  models were u t i l i z e d  f r o m  
t h e  s t a r t  t o  d e f i n e  t h e  s o l a r  a r r a y  s y s t e m .  The i n i t i a l  model r e f l e c t e d  a 
25  g r id  po in t  model r e s u l t i n g  i n  o v e r a l l  96 by 96 mass  and s t i f f n e s s  ma- 
tr ices.   Modeling  problems  developed  not  because  of  l imited  size of t he  
model b u t   t o   i n a d e q u a t e   d e f i n i t i o n  of i t s  r e sponse .   Spec i f i ca l ly ,   t hese  
i n c l u d e d  i r r e g u l a r  t i p  d e f l e c t i o n s ,  no e f f e c t  of r a d i a l  m o t i o n  ( l a t e r  
d e f i n e d  a s  backup s t r u c t u r e )  , and  no s e p a r a t e  r e p r e s e n t a t i o n  f o r  n e a r  
o r  f a r  s i d e  a r r a y s  a l t h o u g h  t h e i r  o r i e n t a t i o n  was d i f f e r e n t  (see Figure  
1.9a) . The pretest and f l i g h t  mode l s ,  a l t hough  s imi l a r  i n  s i ze  (93  by 
93  and 99 by 99),  were s i g n i f i c a n t  improvements.  These  models  contained 
s e p a r a t e  s t i f f n e s s  m a t r i c e s  f o r  e a c h  a r r a y ,  i n c l u s i o n  o f  s t r u c t u r a l  e f -  
fects f rom the  center l ine  model t o  t h e  OWS s k i n ,  and e f f e c t s  o f  t h e  beam 
f a i r i n g  i n t e r f a c e  w i t h  t h e  d e p l o y e d  a r r a y s .  
1.2.1.3 FAS/IU/OWS Forward S k i r t  - This  assembly had been pr incipal ly  
designed  during  the APP development   cycle .   Remaining  concerns  to   this  
assembly was a s soc ia t ed  wi th . in t e r f ace  r e sponses ,  l oad  pa ths ,  and  a t t ach -  
ment po in ts  wi th  ad jacent  assembl ies .  The effects of AM t rus s  des ign  even  
wi th  t ru s s  r ea l ignmen t  and  bo t t l e  a r r angemen t  d id  no t  s ign i f i can t ly  in f lu -  
ence  the  systems  response.  The pr imary  des ign  dr iver  was the  design  and 
development  of  the ATM deployment  assembly (DA). R e c a l l  t h a t ,  a t  t h e  
Skylab  conf igura t ion  des igna t ion ,  one  subs t ruc ture  remained  for  major  
des ign .  This  was t h e  A'I!M DA (see DA s e c t i o n ) .  
-B 
Figure i. 8. Skylab Component Systems 
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The i n i t i a l  FAS/IU model was s t r u c t u r e d  a s  a f in i te  e lement  model ,  
us ing  pre l iminary  load  pa th  da ta  of  the  ”I,-Beam” DA and consider ing only 
the  mass a f f e c t s  o f  b o t t l e  a t t a c h m e n t .  L a t e r  m o d e l s  i n c l u d e d  s t r u c t u r a l  
f l e x i b i l i t i e s  a s s o c i a t e d  w i t h  t h e  ECS and 02 b o t t l e s .  The p r e t e s t  model 
c o n t a i n e d  g r i d  p o i n t s  i n  t h e  a s s e m b l y  so t h a t  d i r e c t  a t t a c h m e n t  t o  t h e  DA 
and AM was p o s s i b l e .  The f i n a l  model a d d i t i o n a l l y  i n c l u d e d  f l e x i b i l i t i e s  
a s s o c i a t e d  w i t h  t h e  OWS f o r w a r d  s k i r t .  T h i s  was due to  re f inement  of  OWS 
Solar  Array at tachment  points  and upgrading load al lowables  on the  beam 
f a i r i n g  OWS s k i r t  i n t e r f a c e .  
1.2.2 Multiple Docking Adapter Assembly-- The mult iple  docking 
a s s e m b l y  a n a l y t i c a l  s t r u c t u r a l  model evolved from the AAP program study. 
Ac tua l ly ,  i t  was i n i t i a l l y  composed of  f ive  docking  par t s  and a payload 
shroud  configurat ion.   With  the  dry  workshop  designat ion,   the   assembly 
was r e f i n e d  t o  t h e  MDA cy l inde r  po r t ion ,  STS/AM/AM-truss and two docking 
ports .   Depending  upon  which  orbi ta l   configurat ions  were  analyzed,   the  
CSM was considered.  (See  Figures 1.8, 1.10,  1.10a  and  1.10b) 
1.2.2.1 AM/STS S t r u c t u r e  - During  the AAP development  phase  of  the 
Skylab  program, th i s  a s sembly  was t r e a t e d  a s  a  beam model. A t  t h e  i n i -  
t i a t i o n  of  the dry workshop concept ,  redesign of  the t russes  provided 
t rus s  r ea r r angemen t  fo r  EVA missions from the A i r  Lock Module (AM). 
A c t u a l l y ,  t h i s  was u t i l i z e d  t o  f r e e  t h e  p i n n e d  OWS- Solar Array system 
and deployment of the parasol configuration during mission operations.  
Ana ly t i ca l  mode l ing  changes  o f  t h i s  s t ruc tu ra l  sys t em occur red  in  
only two models.  These were t h e  i n i t i a l  and f i n a l  models. The i n i t i a l  
model was r ep resen ted  a s  a f i n i t e  e l e m e n t ,  beam t r u s s  model with two 
n i t rogen  (N2) b o t t l e s  a t t a c h e d  r i g i d l y  t o  t h e  t r u s s e s .  The f i n a l  model 
i nc luded  e f f ec t s  o f  t he  AM/OWS-dome b e l l o w s  t o r s i o n a l  s p r i n g  f l e x i b i l i t y  
and  a rc  a s sembly  in t e r f ace  a t t achmen t  fo r  t he  N2 b o t t l e s .  T h i s  model 
was combined with the MDA s t ruc tu ra l  a s sembly  to  y i e ld  the  MDA/STS/AM 
modal c o u p l i n g  p a r t i t i o n .  
1 .2 .2 .2  Axial  -~ and Radial  MDA P o r t   S t r u c t u r e  - The i n i t i a l  model 
was completed by cons ide r ing  th ree  deg rees  o f  f r eedom a t  each  l a t ch  
po in t  and  cons ide r ing  the  po r t  mode l s ,  ax i a l  o r  r ad ia l ,  i ndependen t  
of  the MDA c e n t e r l i n e  beam mode l .  S ign i f i can t  r ev i s ion  was made f o r  
t h e  pretest model due to  complet ion of  the MDA s t a t i c  i n f l u e n c e  c o e f f i -  
c i e n t  tes t  and a more d e f i n i t i v e  model  of t he  MDA. P o r t  s t i f f n e s s  ma- 
, trices were defined from a model def ined  by e las t ic  p o r t s  a n d  a n  e l a s t i c  
MDA. By r e m o v i n g  t h e  f l e x i b i l i t i e s  a s s o c i a t e d  w i t h  t h e  MDA, t h e  p o r t  
s t i f f n e s s e s  were obta ined .  The f i n a l  model was r e v i s e d  o n l y  f o r  t h e  
r a d i a l  p o r t  t o  ref lect  the  37.75 deg ree  ro t a t ion  o f  t he  CSM about i t s  
l o n g i t u d i n a l  a x i s  i n  o r d e r  t o  p l a c e  i t  in to  the  p rope r  r ad ia l -dock  
o r i e n t a t i o n .  
1.2.2.3 MDA S t r u c t u r e  - Although the MDA was c o n s i d e r e d  a s  a 
c e n t e r l i n e  beam model i n   a l l   t h r e e  modeling phases the pretest and 
f i n a l  models were der ived from a f i n i t e  e l e m e n t  model which was c o l -  
l apsed  to  a c e n t e r l i n e  model of t he  MDA. The MDA was combined with the 
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1.2.2.4 CSM S t r u c t u r e  - An Apollo CSM model was used throughout 
t he  ana lys i s  phase  and  r ema ined  s ign i f i can t ly  unchanged  un t i l  a f t e r  t he  
test (see F igures  1.8, 1.11 and  1.11a). Due t o  dynamic test c o r r e l a t i o n  
s t u d i e s  t h e  CSM s t i f f n e s s  was modified by i n c r e a s i n g  t h e  t o r s i o n a l  s t i f f -  
ness between the Command Module (CM) and Service Module (SM) by a f a c t o r  
of 3.19. 
1.2.3 ~ I p o l l o  T e l e s c o p e  Mount Assembly - The ATM evolved from a s i m p l e  
assembly to be deployed from a SM service bay, t o  t h e  most complex struc- 
t u r a l  component of the  Skylab  program.  (See  Figures 1.8, 1.12, 1.12a, b, 
c; d ,  e ,  f and  g) 
1 .2 .3 .1  ATM Solar Array System - Several models of the ATM-SAS had 
been developed during the AAP program.  These  had  been  modeled,  tested  and 
rev ised .   Therefore ,   the   a r ray   sys tem was comple ted   p r ior   to   the   Skylab  
des igna t ion .  Changes made t o  t h i s  s t r u c t u r a l  a s s e m b l y  d e a l t  w i t h  r e v i s i n g  
mass prope r t i e s  and  inco rpora t ing ,  i n  the  pretest  and f i n a l  models ,  accurate  
d e f i a h t i o n  o f  b a c k u p  s t r u c t u r e  f l e x i b i l i t i e s .  
1.2.3.2 ATM Rack,>par  Canister  and  Gimbal  Ring  Assembly  Structure - 
ThiB system created the most  concern and revis ion of  any of  the major  
s t ruc tura l   assembl ies   o f   the   o rb i ta l   assembly .   These   concerns  were due 
t o  : 
a .  
b. 
C .  
d .  
inadequacy  of  or ig ina l  lock  sys tem for  the  Spar  Canis te r ,  re- 
qui r ing  an  addi t iona l  lock  assembly ,  launch  lock ,  tha t  d id  not  
t o t a l l y  e l i m i n a t e  i n t e r f a c e  r e s p o n s e s ;  
e r r o r  i n  mass m o d e l i n g  w i t h  t h e  f a i l u r e  t o  c o n s i d e r  t o t a l  e f f e c t s  
of  the ATM wire bundles which did not ref lect  a c t u a l  CG o f f s e t  
problems ; 
redesign of  the EVA removable  rack launch s t rut ;  
numerous problems associated with ATM forced response test  and 
e f f e c t s  of  Spar  modeling. 
T h i s  s t r u c t u r a l  s y s t e m  was t h e  most complex o f .  t h e  s t r u c t u r a l  s y s t e m s  
and ,   therefore ,  was modeled i n  d e t a i l  i n i t i a l l y .  The i n i t i a l  model was 
represented  by 484 g r i d  p o i n t s  u s i n g  f i n i t e  beam and she l l  e l emen t s .  A 
f l o w  c h a r t  f o r  d e v e l o p i n g  t h e  ATM r a c k ,  a s  shown i n  F i g u r e  1.12b i s  repre-  
s e n t e d  i n  F i g u r e  1.1212. The ATM gimbal system was modeled a s  a subs t ruc-  
t u re  then  coup led  to  the  r ack  model (Figure  1.12d). The Spar /Canis te r  was 
assumed t o  be a r i g i d  subcomponent. 
The model was n o t  s i g n i f i c a n t l y  c h a n g e d  d u r i n g  t h e  p r e t e s t  p e r i o d .  
The f i n a l  model r e s u l t e d  i n  a r e v i s e d  i n t e r p r e t a t i o n  o f  t h e  r o l l e r - s p r i n g  
s t i f f n e s s  d a t a .  O f  p r inc ipa l  conce rn  du r ing  the  ana lys i s ,  was the  non- 
l i n e a r i t i e s  o f  t h e  r o l l e r - s p r i n g  r a t e s  t h a t  a f f e c t e d  t h e  c o n t r o l s  r e s p o n s e .  
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The r o l l e r - s p r i n g  r a t e s  were updated by assembly bench tests t o  o b t a i n  
def  lect ion-load curves which were l i n e a r i z e d  (see Figure 1.12e).  The 
r a d i a l  s t i f f n e s s  o f  t h e  two type  B ATM r a c k  r o l l e r - s p r i n g s  were changed 
from 113 l b / i n  t o  37500 lb/in.   Thus,  a l l  fou r  ( type  A and B) .of t h e  
rack  ro l le r -spr ings ,  which  connec ted  the  rack  to  the  GRA had r a d i a l  
s t i f fnes s  o f  , 37500  lb / in .  Th i s  was the  only  change  to  the  bas ic  rack  
s t i f f n e s s  d a t a .  The Spar /Canis te r  was c o n s i d e r e d  f l e x i b l e  i n s t e a d  o f  
r i g i d  and was modeled as d e p i c t e d  i n  F i g u r e  1 . 1 2 f .  
1.2.3.3 DA S t r u c t u r e  - A t  the  Skylab  conf igura t ion  des igna t ion ,  
only one substructure  was l e f t  fo r  ma jo r  des ign .  Th i s  was the  AT" 
Deployment  Assembly (DA) . Modeling problems existed i n  t h e  d e f i n i t i o n  
of f irst  pr imary bending frequency,  a t tach point  designat ion,  and load 
p a t h  d e f i n i t i o n .  Due in  pa r t  t o  t he  ma jo r  conf igu ra t ion  change ,  r emova l  
of LEM d o c k i n g ,  t h r e e  r a d i a l  MDA docking  por t s ,  and  convers ion  to  the  
d ry  workshop concepts,  requirements were e s t a b l i s h e d  f o r  immediate as- 
sessment  of  control  and  load  impacts  due  to  the DA. T h i s  p r e c i p i t a t e d  
numerous o r b i t a l  c l u s t e r  v i b r a t i o n  a n a l y s e s  u s i n g  v a r y i n g  m o d e l s  o f  t h e  
DA. However, s i n c e  we have  previously  def ined  three  model ing  phases  
for  Skylab ,  we w i l l  n o t  d i s c u s s  t h e  "L-Beam'' and  o ther  pre l iminary  DA 
mode Is. 
The i n i t i a l  model  assumed s t r u c t u r a l  members t o  be  th in  wal led  
aluminum tubes and was  a t r u s s - b e a m  s t i f f n e s s  model (see Figure 1.12g). 
The  model was r ev i sed  by the  dynamic tes t  c o r r e l a t i o n  r e s u l t s .  T h i s  was 
accomplished by scaling down t h e  s t i f f n e s s  m a t r i x  by a f a c t o r  of 0.6.  
A c t u a l l y ,  a s  a r e s u l t  o f  t h e  dynamic tes t ,  remodeling  should  have  been 
performed  primarily a t  t h e  i n t e r f a c e  c o n n e c t i o n  p o i n t s .  However,  de- 
t a i l e d  models were not  ava i lab le  f rom the  pr ime cont rac tor  so t h e  s c a l i n g  
was a p p l i e d  t o  t h e  e n t i r e  DA. L a t e r ,  i n  c o m p a r i s o n  o f  f l i g h t  r e s u l t s ,  
t h i s  c o r r e c t i o n  had t o  be rev ised  and  s tands  as t h e  o n l y  s i g n i f i c a n t  
model ing error  made i n  t h e  S k y l a b  O r b i t a l  Dynamic Analyses.  
1.3 Conclusions 
I n i t i a l l y ,  model changes were brought  about  by t h e  s o l i d i f i c a t i o n  
of the Skylab design. Beam models were rep laced  by  more a c c u r a t e  f i n i t e  
e l emen t   r ep resen ta t ions   o f   t he   subs t ruc tu res .   Loca t ions   and   s i ze   o f  
instrumentation packages were decided upon,  thereby requir ing more  de- 
t a i l e d  d e s c r i p t i o n s  o f  t h e  modal mass d i s t r i b u t i o n s .  
Fu r the r  model changes were r e q u i r e d  t o  o b t a i n  f i n e r  d e s c r i p t i o n s  
o f  a r eas  o f  i n t e re s t ,  such  a s  the  ATM and OWS Solar  Arrays.  This  in-  
c reased  the  number of degrees of freedom i n  c r i t i c a l  a r e a s  r e q u i r i n g  
r e d u c t i o n  i n  t h e  number of DOF i n  o t h e r  s u b s t r u c t u r e s  i n  o r d e r  t o  s t a y  
wi th in   computer   s ize   l imi ta t ions .  Modal coupling  and  modal  selection 
techniques were developed (see Methodology sect ion,  2 .1)  to  help solve 
t h i s  problem. The GVS b rough t   t o   t he   su r f ace  model  inadequacies. Model 
co r re l a t ion  t echn iques  de t e rmined  tha t  CSM to r s iona l  sp r ings  and  DA 
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s t i f f n e s s  s c a l i n g  f a c t o r s  h a d  t o  b e  added to  the  mode l s .  F ina l ly ,  the 
r equ i r emen t  o f  t o l e rance  s tud ie s  o f  t he  s t ruc tu re  , gene ra t ed  add i t iona l  
modeling in  the  form of  per turbed  s t i f fness  and  mass matrices. A t  t h e  
time, t h i s  r e q u i r e d  r e r u n s  of t he  modal coupling and new so lu t ions  of  
the  eigenproblems.  Figure 1.13 provides a graphic  summary of t he  model 
evolu t ion  presented  here .  
1.3.1  Recommendations - 
a .  
b. 
C .  
d .  
e .  
E a r l y  d e f i n i t i o n  o f  a f i n a l  c o n f i g u r a t i o n  c a n  e l i m i n a t e  c o s t l y  
remodeling. 
P r i o r  t o  f i n a l  c o n f i g u r a t i o n  d e f i n i t i o n ,  i n e x p e n s i v e  beam and 
s t i c k  models, with small numbers  of DOF'S, should be used 
wherever  possible .  
The f i n a l  c o n f i g u r a t i o n  model in te r face  a reas  should  be  modeled 
as f i n e  a s  p o s s i b l e .  Modal coupl ing and  modal s e l ec t ion  t ech -  
niques should then be used to reduce the number of DOF'S t o  
wi th in   the   computer   s ize   l imi ta t ions .   This  would have  e l iminated 
the model d i sc repanc ie s  d i scove red  du r ing  f l i gh t .  
A f t e r  t h e  d e s i g n  c o n f i g u r a t i o n  i s  f i n a l i z e d ,  model p e r t u r b a t i o n s  
can  be  handled  us ing  an  e igensolu t ion  sens i t iv i ty  approach  (see 
Methodology  Section, 2 .3) .  This  technique  provides  an economi- 
c a l  e i g e n s o l u t i o n  f o r  a per turbed model by circumventing the 
necess i ty  fo r  r egene ra t ion  o f  t he  comple t e  model.  Major  design 
changes ,  mass  red is t r ibu t ions ,  test  de r ived  sca l ing  f ac to r s  and  
to le rance  s tudies  can  be  handled  e f fec t ive ly  by th i s  technique .  
I f  a GVS i s  t o  be performed on a t e s t  a r t ic le ,  the GVS should 
be  pe r fo rmed  a s  ea r ly  a s  poss ib l e  to  p e r m i t  a thorough model 
e v a l u a t i o n .  
I I 
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2.0 SKYLAB ANALYTICAL "HODOLOGIES 
The Apollo Applications Program (AAP) which evolved into the Skylab 
program presented numerous dynamic problems which required significant 
ana ly t i ca l  deve lopmen t s  t o  cope  wi th  the  complex i ty  and  soph i s t i ca t ion  
of a manned o r b i t a l  l a b o r a t o r y .  P r i n c i p a l  c o n c e r n  i n  t h e  s t r u c t u r a l  
dynamic a r e a s  were 1) a l a r g e  f l e x i b l e  s t r u c t u r a l  s y s t e m  r e q u i r i n g  d e t a i l e d  
mode l ing  to  de f ine  accu ra t e ly  modal c h a r a c t e r i s t i c s  f o r  l o a d  a n d  c o n t r o l  
s t u d i e s ,  2) subsequen t  r e f inemen t  in  modal coupling and mode s e l e c t i o n  
programs, 3) r e q u i r e m e n t  f o r  a sophis t ica ted  docking  impact  ana lys i s  due  
t o  s t r u c t u r a l  l o a d  modal s e n s i t i v i t y ,  4) c o n t r o l  i m p u l s e  d e f i n i t i o n ,  com- 
p l i c a t e d  w i t h  t h e  i n t e r a c t i o n  o f  c o n t r o l  s e n s o r s  a t  va r ious  loca t ions  o f  
t h e  o r b i t a l  s t r u c t u r a l  t o  n a t u r a l  model c h a r a c t e r i s t i c s  a n d  a requirement 
fo r  accu ra t e  de f in i t i on  o f  p rope l l an t  and  impu l se  r equ i r emen t s ,  and  5) 
s t r u c t u r a l  model c o r r e l a t i o n  and r e v i s i o n  d u e  t o  d i f f e r e n c e s  i n  a n a l y t i -  
ca l  and  dynamic test r e s u l t s .  
Technica l  requi rements  and  resu l t ing  ana ly t ica l  methodologies  were 
o r i g i n a t e d  e a r l y  i n  t h e  program and expanded throughout the Skylab pro- 
gram.  During  the  program  and i n  t h e  y e a r s  h e n c e , . t h e s e  a n a l y t i c a l  t o o l s  
have been ref ined and expanded into other  areas/projects  of a p p l i c a t i o n .  
Figures 2.1 through 2.3 define the chronological  development  of  the 
p r i n c i p a l   S k y l a b   s t r u c t u r a l  dynamic  methodologies.   Principal metho- 
dologies developed under the Skylab program were: 
a .   Sky lab   moda l   cha rac t e r i s t i c s ,  
b .   docking   response   o f   f lex ib le   bodies ,  
c .  s t r u c t u r a l  model c o r r e l a t i o n  w i t h  dynamic tes t .  
2 .1   Sky lab  Modal C h a r a c t e r i s t i c s  
Skylab  represented  the  most  complex  s t ruc tura l  assembly  tha t  had  
been  cons idered  to  da te  by any s c i e n t i f i c  o r g a n i z a t i o n  and a s  such  p re -  
s en ted   d i s t i nc t   ana ly t i ca l   p rob lems   t o   t he   ana lys t s .   Ac tua l ly ,   t he   g rowth  
of  modal c h a r a c t e r i s t i c s  began under  the or iginal  AAF' s tud ie s  and  the i r .  
concepts  w i l l  be  included.  
2.1.1  Early  Assessment - I n i t i a l  p roblems fac ing  the  ana lys t  on the  
AAP and subsequently the Skylab programs were s i z e  problems associated with 
existing  or  revised  computer  programs.  These  problems  included: 
a. MDA f i n i t e  e l e m e n t  mode l s  r equ i r ed  to  f ind  a model t o  d e f i n e  
s ix  degree of freedom response a t  s k i n  s t a t i o n s ;  
b .  incapabi l i ty  of  s t ruc tura l  models  f rom assoc ia te '  cont rac tors  
t o  d e f i n e  s t r u c t u r a l  r e s p o n s e  a d e q u a t e l y ;  
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c. models  too  course  to  effectively answer control  system design 
r e q u i r e a n t s ;  
d. d i f f i c u l t y  i n  d e t e r m i n i n g  modal to le rances  on  a t o t a l l y  t h r e e  
d imens iona l  s t ruc tura l  sys tem;  
I n  an a t t empt  to  r e t a in  su f f i c i en t  accu racy  o f  mode l s  and  a t  the 
same time a r a t i o n a l  a p p r o a c h  t o  s t r u c t u r a l  model s i z e  l i m i t a t i o n s ,  a 
beamology" approach to mathematical  modeling evolved. Primary con- 
s i d e r a t i o n  was g i v e n  t o  d e t a i l e d  m o d e l i n g  o f  t h e  i n t e r f a c e s  a n d  e i t h e r  
d i r e c t  mass p o i n t  c e n t e r l i n e  m o d e l s  o r  d e t a i l e d  s t r u c t u r a l  model of 
systems which were later co l l apsed / r educed '  t o  cen te r l ine  po in t  mode l s  
f o r  a compatible mass mat r ix  on t h e s e  c e n t e r l i n e  models were determined. 
If 
Even wi th  these  cons ide ra t ions ,  t he  s i ze  and  complex i ty  o f  t he  
s t ruc tura l  e lements  which  compr ised  the  Skylab  conf igura t ion  d id  not  
l end   t hemse lves   t o   e f f i c i en t   "d i r ec t "   v ib ra t ion   ana lyses .   Th i s  was 
pr imar i ly  due  to  computer  s ize  l imi ta t ions  assoc ia ted  wi th  long  com- 
pu te r  run  times. Some program  run times were beyond t h e  mean time t o  
f a i l u r e  of   the  individual   computer   systems.   This   problem was p a r t i a l l y  
reso lved  by applying a component mode s u b s t i t u t i o n  method (modal coupling). 
This  method c o n s i d e r s  t h e  s t r u c t u r a l  s y s t e m  t o  be an assemblage of sub- 
system  components. The v i b r a t i o n  modes f o r  e a c h  component a re  de te rmined  
sepa ra t e ly  then  a reduced or  t runcated set of these modes a r e  u s e d  t o  
s y n t h e s i s  t h e  t o t a l  s y s t e m .  
The nex t  s ec t ion  desc r ibes  the  ch rono logy  a s soc ia t ed  wi th  the  deve l -  
opment  of this  technique with paral le l  methodology development .  
2.1.2  Methodology  Development - O f  most concern i n  t h e  e a r l y  d e v e l -  
opment of system modal c h a r a c t e r i s t i c s  was the  requi rement  to  obta in  some 
modal f i d e l i t y  limits on the  model. The Skylab was such a complex  model 
t h a t  many  modes were p r e s e n t  t h a t  had t o  be  accura te ly  def ined  to  comple te  
d e s i g n  s t u d y  r e q u i r e m e n t s .  I n i t i a l l y ,  t h i s  was reso lved  by  assuming  iso- 
l a t e d  s t r u c t u r a l  s y s t e m s ,  i .e. ,  due t o  s t r u c t u r a l  damping  major  systems 
d i d  n o t  s i g n i f i c a n t l y  c o u p l e ,  t h e r e f o r e ,  t h e s e  c o m p l e x  s y s t e m s  c o u l d  be 
analyzed  as  "uncoupled  systems".  Such  systems were assumed t o  be ATM 
docking  ports,   and OWS Solar  Array  System. A s  these  assumptions were n o t  
valid,  the development of adequate methodologies followed. 
It i s  n o t  t h e  i n t e n t  of t h i s  r e p o r t  t o  r e p u b l i s h  a l l  p r e v i o u s l y  
developed  and  published  methodology. However, t o   a s su re   t he   comple t eness  
o f  t he  r epor t ,  F igu re  2 .1  i l l u s t r a t e s  t he  Sky lab  modal c h a r a c t e r i s t i c  
methodology development. 
2.2 Skylab  Docking  Response 
The docking problems of spacecraft, i n  t h e  p a s t  y e a r s ,  h a s  b e e n  
focused on the docking requirements of the Apollo and Skylab missions.  
However, mi s s ions  o f  t he  fu tu re ,  i n  pa r t i cu la r  Space  Shu t t l e ,  will r e q u i r e  
I Vibration Report for AAP Beamology Model ED2002-414 1 April  1968 A descr ip t ion  of iner t ia l  coupl ing  of a system of f in i te  e lement  and beam o r  truss models. 
Report - ED-2002-790-2 
24 Ju ly  1970 
Derivation of a loads modal selection technique to assure model f i d e l i t y  
and subsequent accuracy of derived modes. 
Mode Subs t i tu t ion  
Structures by Component 
AIM Journal,  Vol.  9, No. 7 
July 1971 
ED2002-1256 
10 February 1971 
The structural  system i s  considered to be an assemblage of subsystems or components. The 
v ibra t ion  modes for each component are determined separately and then used to synthesize 
the system modes. The  number of component modes used may be truncated to reduce the number 
of generalized coordinates required for a vibrat ion analysis .  Only component v ibra t ion  
modes are  re ta ined as generalized coordinates when the system modes are obtained; hence, 
the method i s  par t icu lar ly  su i tab le  for  s t ruc tures  vLth  a la rge  number of component in te r -  
face coordinates,  such as  f in i te -e lement  she l l  models. The boundary conditions used f o r  
determining component v ibra t ion  modes can be e i ther   f ree- f ree   o r   c ns t ra ined .  tw 
w I 
Complex s t ructures  that  comprise  the Skylab cluster  configurat ions do not lend themeelver 
to  e f f ic ien t  d i rec t  v ibra t ion  ana lys i s /e igenvec tor  program.  This  i s  primarily due t o  
computer s ize  l imi ta t ions  and long run time necessary  to  inver t  l a rge  s ize  matrices. 
This document de f ines  in  de t a i l  a computer program which u t i l i z e s  a modal coupling tech- 
nique. Mi3DL3 i s  a program which i s  meant t o  perform modal i n e r t i a l  a n d / o r  modal st iffnerm 
coupling of s t ruc tu ra l  components in  order  to  determine the vibrat ion modem of a cornplex 
s t ruc tu ra l  system. It also produces iner t ia l  loads t ransformst ionr  fqr  the coupled mymtcm. 
A Linear   Str i in   Ev luat ion of Modal Hydroelastic  Ma hematical 
Tetrahedron  Elewnt With Analysis  Tcchniques Model of  Space Shut t le  
Boundary Compatibi l i ty   for  MCR-73-310 Liquid  Propellant Tanks 
Fluids end Solids 1973 MCR-75-178, June 1975 
D.M. 170, December 1973 
Figure 2-1. Chronology of Modal Analysis Methodology 
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docking of s p a c e  v e h i c l e s  w i t h  s p a c e  s t a t i o n  satel l i tes  and  necess i t a t e  
extensive docking analyses .  The docking  maneuver  and i t s  a s s o c i a t e d  
responses  w i l l  a f f e c t  t h e  d e s i g n  o f  t h e s e  l a r g e ,  f l e x i b l e  s t r u c t u r e s .  
Add i t iona l ly ,  de f in i t i on  o f  success fu l  cap tu re  boundar i e s ,  spacec ra f t  
a t t i t u d e  c o n t r o l  r e q u i r e m e n t s ,  p r o p e l l a n t  u t i l i z a t i o n  s t u d i e s ,  a n d  man/ 
machine in t e rac t ion  o r  t he  deg ree  o f  au tomat ion  are requ i r ed .  
One of the first s tudies  deal ing with docking dynamics presented a 
g e n e r i c  a n a l y s i s  o f  r i g i d  body docking dynamics from i n i t i a l  p h y s i c a l  
c o n t a c t  of two s p a c e c r a f t  t o  f i n a l  l a t c h i n g .  The d o c k i n g  i n t e r v a l  was 
s p e c i f i e d  i n  three  phases  - i n i t i a l  c o n t a c t ,  c o n t i n u o u s  maneuver  and 
l a t c h i n g  - and  assumed t h a t  t h e  f i r s t  and th i rd  phases  occurred  over  
a f i n i t e  time i n t e r v a l .  The s t u d y  p r e s e n t e d  a n  a n a l y s i s  t h a t  r e v e a l e d  
g r o s s  e f f e c t s  of s i g n i f i c a n t  d o c k i n g  p a r a m e t e r s ,  i n c l u d i n g  a t t i t u d e  
misalignment, i n i t i a l  r e l a t i v e  v e h i c l e  r a t e s  and docking rate.  
A two-dimensional  analysis  of  the dynamics of ' the  probe and drogue 
docking  concept  was presented  (Reference 2) i n  1966.  The  mathematical 
s imulat ion of  the docking maneuver  assumed the  docking  vehic les  were 
r ig id  bod ies ,  bu t  i nc luded  a provis ion  whereby  the  probe  vehic le  might  
be modeled a s  a r i g i d  s t r u c t u r e  w i t h  s p r i n g  a n d  d a s h p o t  a t t a c h e d  masses. 
P r o b e  r o t a t i o n  was cons t r a ined  by a r e s i s t i n g  moment, and  probe  ax ia l  
deformation was assumed t o  a c t  i n  a c c o r d a n c e  w i t h  a prescr ibed energy 
absorber .  The r e s t r i c t i o n  t h a t  t h e  probe- t i p  must remain i n  c o n t a c t  
wi th  the  drogue  sur face  was not  in t roduced ,  and  i t  was assumed t h a t ,  
when the probe was n o t  i n  c o n t a c t ,  i t  r e t u r n e d  t o  i t s  equ i l ib r ium pos i -  
t i o n  i n  a p re sc r ibed  manner. This assumpt ion  prec luded  the  necess i ty  
f o r  a n  i t e r a t i v e  s o l u t i o n  i f  n o n l i n e a r  s h o c k  a t t e n u a t o r s  were inc luded .  
Latching was assumed to  have  occurred  when (and i f )  the  p robe  t i p  r eached  
a des igna ted  pos i t i on  in  the  d rogue  socke t .  A l l  p o s t l a t c h  a n a l y s e s  were 
conducted with the probe t i p  assumed  pinned i n  the  socke t .  
I n  1967, analyses were completed of the docking maneuver that con- 
s idered  an  Apol lo  docking  mechanism (Reference 3 ) .  The primary goal of 
t h i s  a n a l y s i s  was t o  de t e rmine  the  na tu re  of the loading on the two 
docking vehicles  caused by the docking mechanism and t o  e v a l u a t e  t h e  
i n t e r n a l  e l a s t i c  l o a d s  i n d u c e d  i n  t h e  v e h i c l e .  The genera l   approach   to  
the development of the analytical  method was t o  ' s o l v e  t h e  two-body  dyna- 
mics problem i n  which r ig id  bod ies  a re  sub jec t ed  to  load ing  f rom a model 
of  the  docking  mechanism.  These  load  histories were then  used i n  a 
gene ra l i zed  m o d a l  r e s p o n s e  a n a l y s i s  t o  d e t e r m i n e  t h e  r e s u l t i n g  e l a s t i c  
response of the  docking  vehic les .  
Add i t iona l  s tud ie s  were completed (Reference 4 )  based on impulse- 
momentum re la t ionships  and  cons idered  f r ic t ion  be tween probe  and  drogue ,  
energy  losses  due  to  permanent  deformat ion ,  a t t i tude  cont ro l  of t he  
c h a s e  v e h i c l e ,  a n d  t h r u s t i n g  o f  t h e  c h a s e  v e h i c l e  f o l l o w i n g  i n i t i a l  
con tac t .  All motion was cons ide red  to  t ake  place i n  a plane,   and  the 
p robe  t i p  was c o n s t r a i n e d  t o  l i e  on or  within the drogue cone wal ls .  
Given the spacecraf t  mass proper t ies  and  a se t  of i n i t i a l  c o n d i t i o n s ,  
I 
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t he  s imula t ion  was a b l e  t o  p r e d i c t  w h e t h e r  a docking maneuver would be 
s u c c e s s f u l  ( c a p t u r e )  o r  f a i l  (miss). The s imula t ion   a l so   p rov ided   an  
estimate o f  the  con tac t  l oads  tha t  would occur  during the attempt. This  
s imula t ion  was used  to  ob ta in  r e su l t s  fo r  dock ing  maneuver s  of the Skylab 
spacec ra f t .  
Skylab  ana lys t s  comple ted  an  ana ly t ica l  s tudy  of  the  docking  dynamics  
of two space  veh ic l e s  t ha t  were more gene ra l  t han  the  e f fo r t s  o f  p rev ious  
i n v e s t i g a t o r s .  The equat ions  of  mot ion ,  coupled  wi th  per t inent  cons t ra in t  
equat ions and equat ions of  momentum-impulse, were developed without  regard 
to  any  pa r t i cu la r  dock ing  mechanism concept.  Their equations resulted 
f rom apply ing  Hamil ton ' s  pr inc ip le  of  least ac t ion  (Reference  5) as i f  
the  sys tem under  ana lys i s  were a conse rva t ive  sys t em sub jec t ed  to  aux i l i -  
a ry ,  ho lonomic  cons t ra in t  condi t ions .  They modif ied  the  resul t ing  equa-  
t i o n s  t o  a c c o u n t  f o r  t h e  p o s s i b i l i t y  of unconservat ive forces  and non- 
ho lonomic  cons t r a in t  cond i t ions  th rough  app l i ca t ion  o f  t he  p r inc ip l e  of 
v i r t u a l  work.  They  showed t h a t  i f  t h e  mass p r o p e r t i e s  ( i n e r t i a l  f o r c e s )  
of the docking mechanism were neg l ig ib l e ,  t he  r equ i r emen t  fo r  momentum- 
impulse equat ions disappeared.  
The Skylab docking event assumed t h e  r o l e  a s  t h e  most s i g n i f i c a n t  
o r b i t a l  dynamic load  problem. A s  such, i t  p r e c i p i t a t e d  a d i r e c t  p h y s i c a l  
mating, docking response,  tes t  computer hybrid study at.NASA JSC which 
e s t a b l i s h e d  i n i t i a l  b o u n d a r i e s ,  r a t e s  and l a t ch  fo rces .  In  excess  o f  
6000 physical  dockings were simulated and basic formulation of t he  dock- 
ing problem was accomplished. 
The modeling of the drogue/probe assembly (see Figure  l.lla) and 
r e su l t i ng  s l id ing  mot ion  coup led  wi th  con t ro l  s ens i ' t i v i t i e s ,  were i n i t i a l l y  
cons ide red   a s   t he   mos t   s ign i f i can t   p rob lem  a rea .   The re fo re ,   dock ing  
problems were c o n s i d e r e d  i n  two ways,  one the changing of  modal p r o p e r t i e s  
of  the system during the docking event due to engagement,  and two, being 
l a r g e  n o n l i n e a r i t i e s  b e i n g  e x c i t e d , e g .  , p r o p e l l a n t  s l o s h .  The complexity 
of the docking problem was f e l t  t o  be predominantly i n  t h e  d e s c r i p t i o n  of 
the  probe  neck as i t  contacted the drogue.  It i s  i n t e r e s t i n g  . t o  n o t e  t h a t  
a t  t h i s  time cap tu re  was no t  cons ide red  the  s ign i f i can t  even t  and ,  t he re -  
f o r e ,  o v e r a l l  c l u s t e r  r e s p o n s e  due to  docking was considered small due t o  
s t r u c t u r a l  damping. 
The in i t i a l  l oads  me thodo logy  fo r  t he  dock ing  even t  cons ide red  gen- 
e r a l  s t e p  and ramp bu i ldup  fo rces  and  u t i l i zed  a  modal a c c e l e r a t i o n  method 
f o r  r e s o l v i n g  t h e  t r a n s i e n t  r e s p o n s e s .  
As a r e s u l t  of the hybrid computer test r e s u l t s  and f i l m s  of o r b i t a l  
mating of t he  CSM/LEM, more d e t a i l e d  s t u d i e s  were i n i t i a t e d  t o  r e s o l v e  
impact  of  la tch  forces  to  Skylab  des ign .  
The r e s u l t s  o f  a s tudy  of the  response  of f l e x i b l e  s p a c e  v e h i c l e s  
to   docking  impact   have  been  detai led  in   Reference 6. This s tudy   r e su l t ed  
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i n  a comprehensive analyt ical  development  and digi ta l  computer  program 
t o  i n v e s t i g a t e  the dock ing  dynamic  cha rac t e r i s t i c s  o f  e las t ic  space 
v e h i c l e s .  The ana lys i s  cons ide red  in f luence  o f  one  o r  more a t t i t u d e  
c o n t r o l  systems a c t i n g  d u r i n g  t h e  maneuver.  The r e su l t i ng  ma themat i ca l  
model was programmed for  numer ica l  eva lua t ion ;  pr imary  program output  
cons i s t ed  o f  time h i s t o r y  p l o t s  o f  s i g n i f i c a n t  p r o g r a m  v a r i a b l e s ,  i n -  
c l u d i n g  v e h i c l e  v e l o c i t i e s ,  p r o b e  d e f o r m a t i o n  c h a r a c t e r i s t i c s ,  p r o b e /  
drogue  in te r face  forces  and  moments, and cont ro l  sys tem parameters .  
Note t h a t  t h i s  a n a l y s i s  a n d  t h a t  of Reference 6 were t h e  first i n  
wh ich  the  e l a s t i c  p rope r t i e s  o f  t he  two docking  vehic les  were cons idered .  
The a n a l y s i s  a l s o  c o n s i d e r e d  t h e  e f f e c t s  o f  s l i d i n g  f r i c t i o n  b e t w e e n  
p robe  and  d rogue ,  i n t e rna l  b ind ing  f r i c t ion  caused  by probe deformation, 
a n d  t h e  p o s s i b i l i t y  o f  n o n l i n e a r  s t i f f n e s s  a n d  damping c h a r a c t e r i s t i c s .  
The development of a complete Skylab dynamic docking maneuver 
analysis  program, from impact  through the la tching sequence was a s i g -  
n i f   i c a n t   s t a t e  of  the ar t  development .  
Recen t  s tud ie s  u t i l i z ing  those  de r ived  p rograms  inc lude  gene ra l  
docking methods,  propel lant  responses ,  spinning body  dynamics  and re- 
sponse of  f lexible  , rotat ing components .  
F igure  2 .2  schemat ica l ly  depic t s  the  docking  s tudy  evolu t ion .  
2.3 . Mode 1 Cor re l a t ion   t o   V i .b ra t ion   Tes t ing  
Analytical modeling of complex tes t  a r t i c l e s  seldom agree with 
dynamic test  r e su l t s .   Des ign   changes ,   da t a   t o l e rance   e f f ec t s ,  mathe- 
matical techniques and engineer ing judgement  impose uncertain constraints  
on t h e  a n a l y t i c a l  model. 
T h i s  s e c t i o n  d e s c r i b e s  a r a t i o n a l  m e t h o d o l o g y  t o  c o r r e c t  t h e  model 
discrepancies  discovered by dynamic tests which was developed on the 
Skylab  program. The problem i s  approached  by  formulating  the  eigenproblem 
i n  terms of per turbed nominal  model  f ini te  e lement  data  and nominal  modal 
coord ina tes .  The extent  of  coupling  produced by e l e m e n t a l  s t i f f n e s s  a n d / o r  
mass matrices between the nominal modes de te rmines  the  respective d i s t r i -  
but ions of  modal  s t ra in  energy and modal  kinet ic  energy among the  model 
e lements .  The ex ten t  o f  t h i s  coup l ing  i s  l i m i t e d  by o r thogona l i ty  of 
the nominal model eigenvectors with respect t o  t h e  u n p e r t u r b e d  f i n i t e  
e lement   data .   This   property i s  u t i l i z e d  t o  d e c r e a s e  t h e  s i z e  of   the 
e igenprob lem requ i r ed  to  ca l cu la t e  modal perturbations produced by a 
g iven   e lement   per turba t ion .   Thus ,   the   sens i t iv i ty   o f  a p a r t i c u l a r  mode 
t o  p e r t u r b a t i o n  o f  a s p e c i f i c  model elements can be determined economi- 
c a l l y .  The model s e n s i t i v i t y  i n f o r m a t i o n  i s  used  to  de f ine  a set of 
test d a t a  t h a t  i s  m o s t  a p p l i c a b l e  f o r  a d j u s t i n g  t h e  a n a l y t i c a l  model 
t o  c o r r e l a t e  w i t h  dynamic tes t  results. 
The chronology of the development of this technique i s  d e p i c t e d  i n  
Figure  2.3.  It s h o u l d  b e  n o t e d  t h a t  a t  t h e  t i m e  of t h i s  r e p o r t ,  a d d i -  
t ional development i s  p r o c e e d i n g  i n  t h i s  a r e a .  
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Docking Dynamics fo r  R ig id  Body 
Spacecraf t  - A I M  Journa l ,  
Vol. 2, No. 1, January 1964 
Dynamic Analyses of the Probe 
and Drogue Docking Mechanism 
Journal  of  Spacecraf t  and Rockets  
May 1966 
I 
Program to  Der ive  Analy t ica l  
Model Representat ions of  the 
Apollo Spacecraft  and i t s  Launch 
Vehicles ,  Docking Analysis  Final  Report  
D2-84124-3, May 1967 
I 
A Method fo r  D ig i t a l  Computa t ion  of 
Spacecraft  Response in the Docking Maneuver 
Proceedings,  ASME/AIAA l o g  S t r u c t u r e s ,  
S t r u c t u r a l  Dynamics and Mater ia ls  Conference 
A p r i l  1969 
I 
1-Methodology Report f o r  Docking Loads 
ED-2002-595, August 1969 
-~ 
t o  Docking Impact 
MCR-70-2. March 1970 
I Docking Probe Analytical  Model ED-2002-770, August 1971 
I 
NASA JSC Physical Mating T e s t  of 
Apollo Docking Hardware 
1969-1971 
FIGURE 2.2 - CHRONOLOGY  OF DOCKING RESPONSE METHODOLOGY 
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Dynamic Model V e r i f i c a t i o n  
Repor t  (Orbi ta l  Conf igura t ion)  
ED-2002- 1551, October 1972 
Dynamic Tes t  Ref lec ted  
S t r u c t u r a l  Model Methodology 
ED-2002- 1577, December 1972 
Later derived methodology (Post Skylab) 
Parametr ic  Model P e r t u r b a t i o n s  
A p r i l  1975,  R-75-48628-001 
Parametr ic  Model P e r t u r b a t i o n s  
4 6 G  Shock and V i b r a t i o n  B u l l e t i n  
(Presently be developed) 
FIGURE 2.3 - CHRONOLOGY OF EIGENSOLUTION SENSITIVtTY 
TO PARAMETRIC  MODEL  PERTURBATIONS 
I 
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3.0 ORBITAL  CLUSllER  INTERIOR  ACOUSTICS 
The purpose  of  the  Skylab  In te r ior  Acous t ics  cont rac t  was to  coor -  
dinate  with the Nat ional  Aeronaut ics  and Space Adminis t ra t ion/Marshal l  
Space  F l ight  Center  (NASA/MSFC) and equipment  contractors  to  assure  com- 
p l iance  wi th  the  acous t ic  requi rements  es tab l i shed  by the Medical Research 
and  Opera t ions  Direc tora te .  The fol lowing are examples  of  tasks  which 
were performed and are sunsnarized i n  t h i s  s e c t i o n .  
a .  
b. 
C .  
d. 
Ident i fy   and   loca te   no ise   sources   in   the   Skylab .   Determine   the  
frequency of use and durat ion of ope ra t ion  of no i se  sou rces  a s  
a func t ion  o f  mis s ion  p ro f i l e  time. 
Upda te  ana lyses  a s  r equ i r ed  to  eva lua te  the  e f f ec t s  o f  add i t ive  
noise  sources  a t  crew work s t a t i o n s  and rest s t a t ions .  These  
a n a l y s e s  s h a l l  r e f l e c t  n o m i n a l  c o n t i n u o u s  l e v e l s  and maximum 
levels resul t ing from equipment/experiment  operat ion during the 
m i s s i o n  p r o f i l e .  
Coordinate  with MSFC and MSC t o  e s t a b l i s h  measurement require- 
men t s ,  l oca t ions  and  t ime / l ine  schedu le  fo r  ob ta in ing  no i se  
level measurements during the Skylab mission. 
Analyze in t e r io r  no i se  l eve l  measu remen t s  ob ta ined  du r ing  the  
m i s s i o n s  a n d  c o r r e l a t e  r e s u l t s  w i t h  p r e d i c t e d  l e v e l s .  
P r i o r  t o  a p r e s e n t a t i o n  of the acoust ic  data  measured during the 
SL-2, 3 and 4 miss ions ,  a d i scuss ion  and  descr ip t ion  of the Skylab noise 
sources ,  the  Skylab  compar tment  charac te r i s t ics  and  the  acous t ic  metho- 
d o l o g y  u t i l i z e d ,  a r e  p r e s e n t e d .  
3.1 Acous t ic   Acceptance   Cr i te r ia  
3.1.1 Sky lab  In t e rna l  No i se  Levels - The Medical Research and 
O p e r a t i o n s  D i r e c t o r a t e  a t  JSC, recogniz ing  tha t  the  acous t ic  envi ron-  
ment could  inf luence  the  as t ronaut ' s  per formance  and  ab i l i ty  to  commun- 
i c a t e ,  p u b l i s h e d  a c r i t e r i a  f o r  t h e  S k y l a b  i n t e r n a l  n o i s e  l e v e l s  a s  
shown i n  F i g u r e  3 . 1 . T h e  c r i t e r i a  was app l i cab le  to  any  no i se  sou rce  or  
combinations of no ise  sources  opera t ing  cont inuous ly  in  the  Skylab  in- 
t e r i o r .  Of p a r t i c u l a r  c o n c e r n  was the  des i r e  t o  in su re  adequa te ,  un in -  
t e r r u p t e d  s l e e p  p e r i o d s  f o r  t h e  a s t r o n a u t s .  
The development of t h e  c r i t e r i a  was b a s e d ,  i n  p a r t ,  on experience 
gained during the Apollo program, where crew members had  objec ted  to  
the   no ise   ou tput   o f   the   pos t - landing-vent i la t ion  (PLV) fans.   These 
f ans  were p lanned  for  ex tens ive  appl ica t ion  throughout  the  Skylab  ven-  
t i l a t i on  con t ro l  sys t em.  Consequen t ly ,  MSFC conducted  an  extensive 
deve lopment  program to  provide  muff le rs  for  these  fans- to  reduce  noise  
l e v e l s  t o  a c c e p t a b l e  limits. 
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3.1.2 Speech Interference Levels  - The prefer red  f requency  speech  
i n t e r f e r e n c e  level (PSIL) was s e l e c t e d  t o  assess the  speech- in t e r f e r ing  
a spec t s  o f  t he  Sky lab  in t e r io r  no i se  sou rces .  The  PSIL is def ined  as t h e  
arithmetic average of  the sound pressure levels i n  e a c h  of t h e  t h r e e  oc- 
tave sound bands with center frequencies of 500, 1000 and 2000 Hz. 
The PSIL a s s o c i a t e d  w i t h  t h e  S k y l a b  i n t e r i o r  n o i s e  c r i te r ia  i n  F i g u r e  
3.1 was 56.7 dB. F o r  t h i s  PSIL value,   face  to   face  communicat ions a t  14.7 
ps ia   ambient   p ressure   a re   poss ib le   us ing  "a normal  noise" when a speaker  . 
a n d  l i s t e n e r  a r e  less than  five fee t  f rom each  o the r  (see Reference 7). 
Another  ra t ing  sys tem,  the  modi f ied  speech  in te r fe rence  level (MSIL) , 
inc ludes  the  h igher  f requency  noise .  MSIL i s  d e f i n e d  a s  t h e  a r i t h m e t i c  
average of the sound pressure levels i n  e a c h  of the four  octave bands with 
center  f requencies  of  500 ,  1000, 2000  and  4000 Hz. The MSIL a s s o c i a t e d  
w i t h  t h e  S k y l a b  i n t e r i o r  n o i s e  c r i t e r i a  i s  56.25 dB. PSIL and MSIL va lues  
i n  e a c h  S k y l a b  s e c t i o n  d u e  t o  o p e r a t i o n  o f  t h e  i n d i v i d u a l  n o i s e  s o u r c e s  a t  
5.0 ps i a  ambien t  p re s su re  a re  p re sen ted  in  Tab le  3.1. 
3.2  Definition  of  Environment 
3.2.1  Noise  Sources  and  Locations - Skylab  equipment  and  experiments 
were reviewed to   de te rmine   no ise   sources .   Tables   3 .2   and   3 .3   p resent  a 
l i s t i n g  of the Skylab equipment and experiments;  noise sources are indi-  
c a t e d  w i t h  a n  a r r o w  o r  a s t e r i s k  i n  t h e s e  two t a b l e s .  O r i g i n a l l y ,  t h e  , 
noise   sources  were grouped   accord ing   to   the   cont rac tor   subdiv is ions .  It 
was de. termined that  grouping the noise  sources  according to  acoust ic  space 
would provide more  meaningful   resul ts .  The three   acous t ic   spaces   chosen  
were t h e  MDA,  M/STS and OWS. The noise   source,   number ,   locat ion,  fre- 
quency of operation and table number f o r  i t s  sound  power l e v e l  a r e  pre-  
sen ted  for  each  compar tment  in  tab les  3 .4 ,  3.5 and  3.6.  Figures  3.2 
through 3.10 ind ica t e   t he   l oca t ions   o f   each   o f   t hese   no i se   sou rces .  The 
sound  power l eve l s  fo r  each  compar tmen t  a re  de l inea ted  in  Tab les  3 .7  
through 3.13. 
A-weighted  sound levels (dBA) were c a l c u l a t e d  f o r  t h e  n o i s e  s o u r c e s  
a t  an  a tmosphe r i c  p re s su re  o f  5.0 psia.   Octave  band  sound  pressure 
l e v e l s  were converted to  the equivalent  A-weighted sound level  by ap-  
p l y i n g  t h e  r e l a t i v e  r e s p o n s e  f o r  t h e  A-weighted network t o  t h e  e s t i m a t e d  
oc tave  band levels a n d  o b t a i n i n g  t h e  o v e r a l l  l e v e l  f r o m  t h e  r e s u l t i n g  
oc tave  band levels. These  equivalent  A-weighted  sound levels a r e  pre-  
sen ted  in  Table  3 .14 .  
3.2.2 Compartment Characterist ics - The  volumes  and s u r f a c e  a r e a s  
of  the MDA, STS, AM and OWS were c a l c u l a t e d .  I n  a d d i t i o n  t o  t h e s e ,  
equipment volumes, surface areas and common wall  areas  between each 
compartment were c a l c u l a t e d .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  
presented in  Table  3 .15,  Skylab Acoust ical  Compartment  Character is t ics .  
Reverberat ion times f o r  t h e  f l i g h t  c o n f i g u r a t i o n  were es t imated  
from  the  Skylab mockup. Figures  3.11  through 3.13 p resen t  t he  rever- 
b e r a t i o n  times f o r  t h e  MDA/STS, AM and OWS a t  p r e s s u r e s  o f  5.0 p s i a  
and 14.7 psia. 
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3.2.3 Acoustic  Methodology - Sound  pressure  level  estimates  for 
each  compartment,  due to noise  sources  in  the  same  compartment,  were 
calculated  using  the  following  equation  for  a  reverberant  sound  field: 
SPL = PWL - 10 .Log V .+ 10 Loglo ( P/PReF) f 10 
10 Loglo T60 f 19.6 dB (1) 
where 
V = volume  of  section  containing  noise  source  ft ,3 
P = ambient  pressure  in  the  enclosure,  psia, 
Pref = reference  ambient  pressure = 14.7 psia, 
T60 = reverberation  time  of  enclosure,  sec 
To obtain  estimates  of  the  sound  pressure  levels  in  the  compartment  due 
to  noise  sources  in  other  compartments,  the  following  expression  was 











PWLl f 10 Loglo  (SW/R1) - TL (2) 
noise  source  PWL  located  in  Room  1, 
PWL  of  noise  source  applicable  to  Room  2, 
area  of  common  wall  between  Rooms 1 and 2,  
room  constant  of  Room 1 = S / (1 - Z ) = .049V2/T60 
transmission loss of  common  wall = 0 for  an  open  passage 
equations (1)  and  (2) yields  the PWL of  the  noise  source 
applicable to.Room 2 in terms  of  the  SPL  in  Room 1. 
PWL2 = SPL + 10 Loglo ( S W / 4 )  - 10 Loglo  (P/PRef) - TL 
From  equation (2), the  following  definition  of T60 is  applicable. 
1 (3) 
T60 = .049V/SZ (4) 
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where 
a = a v e r a g e   a b s o r p t i o n   c o e f f i c i e n t .  




= su r face  a rea  o f  t he  i 2  w a l l  
d = a b s o r p t i o n   c o e f f i c i e n t   o f   t h e  i2 w a l l  
3 . 3  F l i g h t  Measurement Resu l t s  
3.3.1 Noise  Measurements Durin-kylab Mission  (Experiment M487) - 
The object ives  of  experiment  M487 were to  measure ,  eva lua te  and  repor t  
t h e  h a b i t a b i l i t y  f e a t u r e s  of the  crew quarters  and working areas  of  the 
crews i n  e n g i n e e r i n g  terms use fu l  t o  the  des ign  o f  fu tu re  manned space- 
c r a f t .  A por t ion  of  th i s  exper iment  inc luded  the  mea.surement of sound 
p r e s s u r e  l e v e l s  on Skylab using a por tab le  sound leve l  meter (Bruel  + 
Kjaen,  type  2203)  and  octave f i l t e r  set  (Bruel + Kjaen,  type  1613). 
Eight measurement locations were s e l e c t e d  a n d  a r e  shown i n  F i g u r e s  3 . 1 4  
th rough   3 .17 .   These   a r e   t he   a f t  OWS a rea  (4 loca t ions ) ,   t he   fo rward  OWS 
a rea  (1 l o c a t i o n ) ,  t h e  STS/AM a r e a  (2 loca t ions)  and  the  MDA a rea  (1 
loca t ion ) .  The sound  level  meter, u s e d  t o  o b t a i n  t h e s e  d a t a ,  was o r i -  
e n t e d  a s  f o l l o w s :  
a .  
b. 
C .  
d .  
e. 
f .  
g* 
h .  
OWS Wardroom - p a r a l l e l  t o  CDR food tray, microphone pointed 
towards OWS ( loca t ion  1’1); 
OWS Experiment Compartment - p a r a l l e l  t o  f l o o r  a t  LBNP, micro- 
phone pointed towards sleep s t a t i o n  ( l o c a t i o n  #2) ; 
OWS Waste  Management  Compartment (WMC) - on f loor ,  microphone 
pointed towards +X ( loca t ion  f3 )  ; 
OWS Sleep  Compartment - i n  PLT compartment, on floor, micro- 
phone pointed towards +X ( l o c a t i o n  1’4); 
OWS Forward  Compartment - p a r a l l e l  t o  f l o o r  l o c a t e d  a t  l o c k e r  
ring area,  microphone pointed towards +Y ( l o c a t i o n  115); 
AM - paral le l ,  wi th  microphone pointed towards +X i n  m i d d l e  
of compartment (location 116) ; 
MDA - a t  Experiment M512 station, microphone pointed towards 
-X ( loca t ion  #7) ;  
STS - microphone pointed a t  Mole Sieve A ( l o c a t i o n  #8). 
" 
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3.3 .2  F l igh t  Envi ronmenta l  Condi t ions  for  SL-2, SL-3 and SL-4 - 
The f o l l o w i n g  v e n t i l a t i o n  s y s t e m  f a n  o p e r a t i o n a l  mode e x i s t e d  d u r i n g  t h e  
pe r iod  the  acous t i c  da t a  were obta ined  on the  SL-2 mission: 
a. CSM p o r t a b l e  f a n  i n  MDA was o f f ;  
b .  cab in  fans  1 and 2 i n  MDA were on  low; 
c. OWS i n t e r c o n n e c t  f a n  (STS duct   fan)  on h i ;  
d .  cabin heat  exchange module (STS heat  exchange  fans  (3)) on h i ;  
e. OWS heat  exchanger  fans  (4) i n  MDA were on h i ;  
f . OWS d u c t  f a n s  (8) i n  OWS were on h i .  
For  the SL-3 and SL-4 mis s ions  the  fo l lowing  ope ra t ion  mode e x i s t e d :  
a. CSM p o r t a b l e  f a n  i n  MDA on h i ;  
b .  cab in  fans  1 and 2 i n  MDA were on h i ;  
c. STS d u c t   f a n  on h i ;  
d. STS heat   exchanger   fans  (3) on h i ;  
e. OWS heat  exchanger  fans  (4) i n  MDA were on  h i ;  
f .  OWS duc t  f ans  (12 )  in  OWS were  on h i .  
I n  a d d i t i o n  t o  t h e  M487 acoust ic  measurements  obtained during the 
SL-3 mission,  acoust ic  noise  source measurements  were also obtained.  
These measurements were made in  the  immedia t e  v i c in i ty  of e l even  no i se  
s o u r c e s   i n   t h e   S k y l a b   i n t e r i o r .   S p e c i f i c   i n f o r m a t i o n   a p p l i c a b l e   t o  
sound level meter (SLM) d i s t ance  and  o r i en ta t ion  to  each  no i se  sou rce  
was not  rece ived  so a d i s t a n c e  of  3 f e e t  was assumed.  The r e s u l t s  of 
these measurements  are  presented in  Table  3 .16.  
3.3.3  Comparisons  of  Predicted  and  Measured  Skylab  SPL's - A com- 
pa r i son  of the Skylab measured SPL data  f rom the SL-2, SL-3 and SL-4 
missions with previously predicted SPL's  i s  ind ica t ed  in  F igu res  3 .18  
through 3.20. 
Figure 3.18 compares the MDA/STS SPL's  and i n d i c a t e  t h e  MAX/MIN 
envelope of the  Sky lab  f l i gh t  da t a  and the composite of predicted con- 
t i n u o u s  n o i s e  s o u r c e  i n  t h e  MDA/STS. A comparison of  the data  indicates  
the predicted SPL's begin to exceed the measured data by  3 t o  6 dB, from 
1000 t o  4000 Hz. Below  1000 Hz, t he  da t a  compare  favorably. 
A compar ison  of  acous t ic  da ta  appl icable  to  the  Air lock  module is 
i n d i c a t e d  i n  F i g u r e  3.19.  The p r e d i c t e d  d a t a  f a l l  w i t h i n  t h e  measured 
SPL envelope a t  the lower f requencies  and begin to  exceed the envelope 
above  1000 Hz. 
A compar ison  ,of  acous t ic  da ta  appl icable  to  the  OWS is i n d i c a t e d  i n  
Figure  3.20. The p red ic t ed  da ta  f a l l  w i th in  the  measu red  SPL envelope, 
espec ia l ly  in  the  mid- f requency  range .  
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l e v e l s  were measured i n  the STS, in f luenc ing  the  MDA and AM SPL's t o  
some e x t e n t .  I n  g e n e r a l ,  t h e  o n l y  a r e a s  t o  exceed  the  acous t ic  cri- 
t e r i a  by 2 t o  3 dB were the  STS, AM and OWS waste management compart- 
ment. 
P re fe r r ed  . speech  in t e r f e rence  levels (PSIL'S) and modified speech 
i n t e r f e r e n c e  l e v e l s  (MSIL's) were ca lcu la ted  based  on t h e  M487  SPL 
data .  These PSIL and MSIL v a l u e s  a r e  i n d i c a t e d  i n  T a b l e s  3.17 and 
3 .18 ,  fo r  e igh t  l oca t ions  in  Sky lab .  These  va lues  do not   exceed  the 
a c o u s t i c  c r i t e r i a  P S I L ' s  a n d  MSIL's i n  any area. 
3.5 Skylab C r e w  Mission Acoust ic  Evaluat ioh 
A review of the Skylab crew comments a p p l i c a b l e  t o  t h e  a c o u s t i c  
environments they were exposed to during the SL-2, SL-3 and SL-4 mis- 
s i o n s  is  d iscussed  in  the  fo l lowing  paragraphs ,  and  is  based on da ta  
conta ined  in  Reference  8. 
3 . 5 . 1 .  SL-2 Mission Acoust ic  Evaluat ion - C r e w  Acous t ic  eva lua t ions  
a re  desc r ibed  a s  fo l lows :  
a .  
b. 
C .  
d. 
verbal communications - "wi th in  the  MDA you c o u l d  h o l l e r  a t  
someone i n  t h e  workshop, however,  could not holler from work- 
shop  to  MDA" ; 
SIA communications - " te r r ib le  for  ground communica t ions ;  have  
t o  k e e p  c e r t a i n  S I A ' s  turned down"; 
experiment "509 - "when 509 t h r u s t e r s  f i r e ,  i t  i s  q u i t e  
loud i n  OWS; I recommend everybody i n  OWS t o  wear ear  pro-  
tec t i o n  (PLT) "; 
pre-sleep - "ve ry  qu ie t  i n  sleep a r e a ;  n o i s i e s t  seems t o  
be MDA/STS; can  hard ly  hear  fans  running  in  OWS, but  can 
h e a r  r e f r i g e r a t i o n  pumps, (CDR)"; 
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e. pos t - s l eep  - " repor t ed   t ha t   bo th  mouth  sounds  and 
snor ing  are as loud i n  z e r o  G as they are a t  1 G; 
f .  C r e w  Subject ive  Evaluat ion  of   Compartments:  
Locat   ion 
(3wS Wardroom 
ows WMC 
OWS Sleep  Area 
OWS Exp. Compt . 
OWS  Fwd  Dome 
A i r  l o c k  
FDA/ STS 
CDR 
exce l l en t ,   ex -  
tremely low 
e x c e l l e n t  
low excep t  fo r  
noise from WMC 
blower 
low 
e x c e l l e n t  
low 
f i n e  
SPT 
e x c e l l e n t  
adequate  
too  h igh  when 
o t h e r s  are mov- 
ing  about ,  
needs  sound 










a l l  r i g h t  
s a t i s f a c t o r y ;  
ge t s  h igh  du r ing  
EREP runs 
3.5.2 SL-3 M i s s i o n A c o u s t i c  E v a l u a t i o n  - C r e w  a c o u s t i c  e v a l u a t -  
i o n s  are desc r ibed  as follows: 
a. CDR - "can  have  duct   fan  heat   exchangers   turned  off  
and can ' t  t e l l  a n y  d i f f e r e n c e  i n  n o i s e  l e v e l ,  t h e y  are 
so qu ie t "  ; 
b. PLT - "have to  ho l l e r  p re t ty  loud  to  be  hea rd  f rom crew 
q u a r t e r s  up i n t o  t h e  dome. Voices   do  not   t ransmit  up 
t h r o u g h  t h e  a i r l o c k  a t  a l l .  Have t o  u s e  i n t e r c o m  t o  
t a l k  t o  anyone i n  MDA/STS. SIA's  keep  squeal ing a l l  
t h e  time., Noise i s  d e f i n i t e l y   s a t i s f a c t o r y " ;  
c. CDR - "no i se ,   ve ry   n i ce ,   ve ry  good"; 
d .   Environmental   Noise   Factors   Causing  Interference:  PLT - 
" j u s t  SIA's; OWS i s  comparat ively  quiet .  No i n t e r f e r e n c e  
w i t h  a b i l i t y  t o  sleep". SPT - "never ,   no   in te r fe rence   wi th  
sleep". CDR - "sometimes  noises   worry  you,   but   af ter  3 o r  
4 days  you  ge t  used  to  them". 
' 
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e. Habitability Improvements: 
PLT - "keep  noise  makers  away  from  the  sleep  area,  in  the 
future.  Portable  fans run quiet, don't make  any noise.'' 
f. Subjective  Evaluation  of  Compartments: 
Location 
OWS  Wardroom 
ows WMC 
OWS Sleep  Area 
OWS  Expt.  Coapt. 
OWS  Fwd  Dome 
Air  lock 
MDA/STS 
CDR 
adequate  noise 
level  is ok, 
communications 
is  good in 
here 
ok 
need  to  be 
able  to de- 
crease  noise 
level  from  rest 
of vehicle  as 
it is  hard  to 
sleep  when 
somebody  else 






very  good, 
noise  levels 
are  satis- 
factory  every- 
very  good 
looks  reasona- 
bly  good 
very  good, 
satisfactory 
everywhere 
very  good 
very  good 
very  good 
PLT 
i 
very  good,  noise 
level  is  quite 
low, no  objec- 
tionable  noise 
very good 
very  good 
very  good,  no 
objectionable 
noise 
very  good 
very  good 
very  good,  higher 
in  STS  with  fans on 
but  its  a  very 




3.5.3 SL-4 Miss ion  Acous t ic  Evalua t ion  - C r e w  a c o u s t i c  e v a l u a t i o n s  
are desc r ibed  as  follows: 
a.  Communications - CDR: "Squeal;  verbal  communications 
i s  p o s s i b l e  i n  workshop area between compartments ex- 
c e p t  WMC when door i s  closed  and  fan i s  on". SPT: 
"Squeal is  ok i f  you are i n  same compartment, for ver- 
ba l  communica t ions .  I f  you  t ry  to  go  from  one t o  
another  compartment, i t  i s  awful   hard.   There 's   too 
much no i se  o r  abso rp t ion  o f  sound .  I f  you are i n  
experiment compartment, then you can c a l l  up t o  some- 
one above you but i t  t a k e s  a f a i r  amount of  volume." 
PLT: When  on  the same l e v e l  (Z p l ane ) ,   t he re  i s  no . 
di f f icu l ty   wi th   verba l   communica t ions .   Noise   l eve l  
i n c r e a s e s  as you go up and down (X axis).  When 
sepa ra t ed  by 10 t o  15 f e e t  a l o n g  t h e  X a x i s ,  it i s  
e x t r e m e l y  d i f f i c u l t  t o  communicate by shouting." 
b.  Environment - CDR: "Surprised a t  how l i t t l e  no i se  
t h e r e  i s  i n   s p a c e c r a f t .  MDA/STS i s  only place t h e r e ' s  
q u i t e  a b i t  o f  n o i s e  i n .  I n  OWS, it is  extremely 
q u i e t .  A l l  t h e  d i f f e r e n t p u m p s  a n d  e v e r y t h i n g  i n  MDA 
make a l l  t he   no i se .  I t ' s  about   the  same or   poss ib ly   h igh-  
er ( s l i g h t l y )  t h e n  n o i s e  l e v e l  i n  t h e  command module." 
SPT: "There , ' s   jus t  a l i t t l e  too  much noise   to   ge t   sound 
sleep, more t h a n  I ' d  l i k e  t o  h a v e . "  PLT: " I t ' s  good t o  
have a l i t t l e  noise." 
c. Environmental  changes - CDR: "No change  from  noise 
pa t te rn   ment ioned  ear l ie r .  S u r p r i s i n g l y   q u i e t e r   t h a n  
I expected.   Noise   in  MDA/STS/AM i s  a t  a h i g h  l e v e l  
and i t  has  a f fec ted  our  record ings .  ATM C&D pumps a r e  
qu i t e  no i sy  and  no i se  as i t  comes down through a i r lock  
i s  amplif ied by t h e  dome f o r  megaphone e f f e c t s .  Gets 
f a i r l y  n o i s y  by t h e  time it  g e t s  down to  exper iment  
compartment. Can t u r n  pumps o f f  a t  n igh t  s o  i t  won' t 
i n t e r f e r e   w i t h  sleep." SPT: "Noise i s  h i g h   i n  MDA 
and a t  ATM console.   Find i t  g e t s  t o  m e  when I am 
t r y i n g  t o  c o n c e n t r a t e  o r  t r y i n g  t o  u s e  t h e  s p e a k e r .  
Noise of  pump i n  a i r l o c k  u s e d  t o  g e t  t o  m e  when work- 
i n g   i n  MDA." PLT: "Can hear   e rgometer   r igh t  now 
q u i t e  well and ATM pumps are qui te  loud .  A l l  t h e  
pumps are loud. Rate gyros are loud." 




OWS Sleep Area 
OWS Expt. Compt 
OWS Fwd  Dome 
A i r  lock 
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CDR 
Very low i n  wardroom as  
i t  i s  i n  e n t i r e  OWS un- 
less you've got the EREPI 
ATM cool ing  loop  running;  
t h e n  t h e  dome t a k e s  t h e  
n o i s e  as i t  comes down 
t h e  a i r  lock  and  serves  
as a g r e a t  b i g  megaphone 
and sends i t  down s l i g h t -  
ly  ampl i f ied .  
OK, but a l i t t l e  noisy 
wi th  separa tors  go ing .  
Not uncomfortable a t  
a l l .  
Exce l l en t ,  ve ry  qu ie t .  
Walls and  doors  pre t ty  
well damp ou t  no i se  
a s  well  a s  l i g h t  a t t e n u a -  
t o r s .  
Fine 
Adequate. J u s t  a l i t t l e  
b i t  n o i s i e r  t h a n  exp. 
comp t . because  c loser  
t o  MDA/STS 
No r a t i n g   g i v e n .  Ex- 
t r eme ly  noisy.  Cool- 
an t  pumps are noisy.  
SPT 





ITM/EREP coo lan t  
?ump noise  prob-  
lem is way too  
l igh.   S ould 
l o c a t e  p o t e n t i a l  
l o i se  sou rces  
away from metal 
ga l l s  t h a t  c a n  
act l i k e  a n  
l cous t i ca l  can .  
PLT 




i n t o  sleep com- 
partment when any- 
one else is do ing  
something.  Can' t 
rest. There i s  
no n o i s e  c o n t r o l  
i n   v e h i c l e .  
Very good 
Adequate. Ok, ex- 
c e p t  it i s  reasonably 
high.  There i s  
sound focusing 
up i n  dome area 
because  of  spher ica l  
na tu re .  
F a i r l y  h i g h  
.~ 
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Unacceptable.  Highly 
unacceptab le ,   b igges t  
o f f ende r  i s  ra te  gyro 
SPT 
Way t o o  high. Both 
pump and ra te  gyros 
make a r a c k e t .  Af- 
ter a whi l e ,  you can 
tune  ou t  t he  no i se  
b u t  c a n ' t  t h i n k  as 
c l e a r l y  i n  t h e r e .  
t PLT Fa i r ly  h igh  
3 . 6  Articulat ion  Index  (AI)   Analyses  - The a r t i c u l a t i o n  
index  (A.I.) i s  a g e n e r a l  c r i t e r i o n  a p p l i c a b l e  f o r  j u d g i n g  t h e  
effects   of   noise   on  communicat ion.  The AI p r e d i c t s  t h e  i n t e l -  
l i g i b i l i t y  o f  s p e e c h  ( i . e . ,  t h e  p e r c e n t a g e  of words or  sentences 
which a r e  c o r r e c t l y  u n d e r s t o o d )  f o r  a spec i f ied  noise  envi ronment  
One method a v a i l a b l e  t o  d e t e r m i n e  t h e  A I ,  and u t i l i z e d  h e r e i n ,  
i s  the'weighted-octave-band (WOB) method, as desc r ibed  in  Ref -  
erence 9. The i n t e l l i g i b i l i t y   c r i t e r i a   a p p l i c a b l e   t o   t h e  
A I  i s  desc r ibed  as follows: 
An A . I .  of  . .. . Provides  communications ...... 
0.7 t o  1.0 S a t i s f a c t o r y   t o   e x e l l e n t  
0 . 3  t o  0.7 
0.0 t o  0 . 3  
S l i g h t l y  d i f f i c u l t  t o  s a t i s f a c t o r y ;  
up t o  98% of  sen tences  are heard 
c o r r e c t l y .  
I m p o s s i b l e  t o  d i f f i c u l t ;  special 
vocabular ies  and radio- te lephone 
voice procedures  are r equ i r ed .  
Ar t i cu la t ion  ind ices  . have  been  ca l cu la t ed  fo r  t he  SIA/ATM 
d a t a  (SL-4 miss ion ) ,  t he  MDA "487 d a t a  (SL-3 miss ion) ,  and  the  
OWS Experiment "487 d a t a  (SL-3 mission).  The A I  v a l u e s  com- 
p a r e d  t h e  S k y l a b  m i s s i o n  d a t a  t o  two speech spectrums, one 
a p p l i c a b l e  t o  a moderate voice and one to a r a i s e d  v o i c e .  The 
A I  va lues  are i n d i c a t e d  as follows: 
I 
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- Speech  Reference SIA/ATM - MDA OWS Exp. Area 
" 
Moderate  Voice 0.048  0.054  0.550 
Raised  Voice 0.150 0.186  0.723 
These  da ta  ind ica te  tha t  communica t ions  in  the  OWS a r e a  s h a l l  b e  
s a t i s f a c t o r y  t o  e x c e l l e n t ,  w h i l e  c o m m u n i c a t i o n s  i n  t h e  SIA/ATM and 
MDA/STS a r e a s  m i g h t  b e  q u i t e  d i f f i c u l t .  T h e s e  p r e l i m i n a r y  A I  estimates 
tend to suppor t  the  crew comments a s  d e s c r i b e d  i n  p a r a g r a p h  3.5.  
3.7 F l i g h t  Anomalies 
On Mission Day 3 3 ,  t h e  SL-4 crew no t i ced  a "loud whine,  not quite 
a squea l ,  b u t  a whining  noise", when they  turned  on  the pumps.  The 
p i l o t ,  on Mission Day 3 4 ,  performed some acous t ic .measurements  to  in-  
v e s t i g a t e  t h i s  n o i s e  s o u r c e .  
A t a b u l a t i o n  of t he  SPL's measured during the coolant  loop noise  
i n v e s t i g a t i o n  i s  i n d i c a t e d  i n  T a b l e  3 . 1 9  and includes -measured and cal-  
c u l a t e d  o v e r a l l  SPL's i n  terms of dBA, c a l c u l a t e d  o v e r a l l  SPL's and the 
measured octave band SPL's. 
The AM SPL's compare c lose ly  wi th  each  o the r  and  a re  a maximum of 
9 dB h i g h e r  t h a n  t h e  a c o u s t i c  c r i t e r i a  a t  1000 Hz. The STS/ATM SIA 
SPL's e x c e e d  t h e  c r i t e r i a  a t  500 Hz by 6 dB, and by 5 dB a t  1000 Hz. 
The MDA CSM h a t c h  SPL's e x c e e d  t h e  c r i t e r i a  by 2 dB a t  1000 Hz. The 
OWS experiment compartment SPL's a r e  a minimum of 10 dB below the 
a c o u s t i c  c r i t e r i a .  
3.8 Conclusions 
3.7.1  "487 F l i P h t  Data - The data  measured i n  t h e  OWS i n d i c a t e d  
t h i s  a r e a  t o  b e  t h e  q u i e t e s t  r e g i o n  of t he  Sky lab  c lus t e r .  The OWS 
d a t a  were 5 t o  10 dB be low the  acous t i c  c r i t e r i a  spec i f i ca t ion ,  ex -  
c lud ing  the  lJMC area,  and general ly  enveloped the predicted SPL's . 
The STS measured  da ta  ind ica t ed  th i s  r eg ion  to  be  the  no i s i e s t  o f  t he  
Skylab  c lus te r ,  which  tended  to  suppor t  p rev ious ly  pred ic ted  SPL's. 
The STS acoust ic  environment  tended to  inf luence the MDA and AM en- 
vironments   to  a s ign i f i can t  deg ree .  Bo th  STS measured  and  predicted 
SPL's e x c e e d e d  t h e  a c o u s t i c  c r i t e r i a  s p e c i f i c a t i o n .  The MDA measured 
acous t i c  da t aag reed  c lose ly  wi th  p red ic t ed  SPL's, and did not  exceed the 
c r i t e r i a .  The only MDA noise  source of  a problem nature was t h e  r a t e  
gyros.  Rate gyro  acous t ic  da ta  tended  to  exceed  the  MDA f a n  d a t a  by 
5 t o  10 dB. 
\ 
3.7.2 Noise  Source  Data - The n o i s e  s o u r c e  d a t a  o b t a i n e d  i n  t h e  
OWS i n d i c a t e  t h a t  t h e  r e f r i g e r a t i o n  s y s t e m  SPL's a r e  5 to 10 dB h ighe r  
than  the  VCS f a n  SPL's, b u t  d o  n o t  e x c e e d  t h e  a c o u s t i c  c r i t e r i a .  The 
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AM d u c t  f a n  m u f f l e r  n o i s e  s o u r c e  SPL's are q u i t e  h i g h  i n  t h e  low frequency 
reg ion ,  exceeding  the c r i t e r i a ' b y  a s  much as 11 dB a t  250 Hz. The  Mole 
S ieve  compressor  noise  source  da ta  a re  qui te  no isy  a t  500 Hz, exceeding 
the  cr i ter ia  a t  500 Hz. The MDA no i se  sou rce  da t a  are dominated by the 
r a t e  g y r o  SPL's, which  exceed  the  c r i t e r i a  by as much a s  7 dB a t  500 Hz. 
AT" Coolant  Loop a c o u s t i c  d a t a  was obta ined  dur ing  the  SL-4 miss ion  
by t h e  PLT crew member. No t i cab le  inc reases  i n  t h e  SPL o c c u r r e d  i n  t h e  
Aft Air lock and Forward Air lock locat ions,  where increases  as  high as  12 
dB a t  1000 Hz were measured with the pumps opera t ing .  
3.9  Recommendations 
a .  The acous t ic  envi ronment  in  Skylab  was n o t  u n l i k e  t h a t  o f  e a r t h  
l i v i n g  i n  t h a t  t h e  crew was a b l e  t o  o b t a i n  "rest" periods from 
the  h ighe r  level n o i s e  i n  t h e  work a r e a  (MDA/STS). Future  manned 
long term miss ions  shou ld  addres s  no i se  con t ro l  i n  the  ea r ly  
des ign  s t ages .  Cons ide ra t ion  o f  abso rp t ion  ma te r i a l  and  more 
e f f i c i en t  suppres s ion  o f  no i sy  equ ipmen t  in  conf ined  spaces  
s u c h  a s  t h e  AM and MDA/STS shou ld  be  inco rpora t ed  in to  fu tu re  
programs. 
b.  The intercom design must  be improved to  a . l leviate  feedback 
problems and improve communications. 
c.  S l eep  a reas  shou ld  be  be t t e r  i so l a t ed  f rom the  rest of   the 
crew q u a r t e r s  i n  terms of  noise  and  o ther  ex t raneous  d is tur -  
bances.  
d .   Updated   acous t ic   c r i te r ia   should   be   def ined;   s imi la r   to   tha t  
i n d i c a t e d  i n  F i g u r e  3.1.However, t h e s e  c r i t e r i a  s h o u l d  b e  more 
detailed,  and be broken down i n t o  sleep, work, normal connnuni- 
c a t i o n s   i n t e r m i t t e n t ,  e tc . ,  c r i t e r i a - .   I n   o the r   words ,   one  
c r i t e r i a  c a n n o t  s a t i s f a c t o r i l y  meet t h e  r e q u i r e m e n t s  f o r  a l l  
c o n d i t , i o n s ,  e s p e c i a l l y  i n  a l ong-exposure  o rb i t a l  app l i ca t ion .  
I 

Table  3.1.  Speech  Interference  Levels Due to  Ind iv idua l  Noise  Sources a t  5.0 PSIA 
Noise Source 
and Location 
Fan Muffler Assemblies 
Located i n  MDA 
Cabin Heat Exchanger 
Located i n  STS 
Interconnect Fans 
Located i n  STS 
Telepr in te r  (Pr in t  Speed) 
Located in STS 
Mole Sieve Fans 
Located i n  STS 
Tape Recorder (Playback Mode) 
Located i n  STS 
OWS Cooling Module 
Located i n  AM 
Refr igera t ion  System 
Located i n  OWS 
Focal Collector 























49.0 49.. 2 
49.0  44.7 
42.8  40.1 
53.2 51.6 
53 .8 51.4 
27.5  28.2 
50.5  47.3 
37.8  31.9 





















* Exceeds  noise  c r i te r ia  of PSIL = 56.7 dB o r  MSIL = 56.25 dB 
Table 3.1 (continued) 
Noise  Source 
and Location 
Odor Fan 
Located i n  OWS 
Sui t  Drying  Sta t ion  
Located i n  OWS 
Portable Fans (3) 
Located i n  OWS 
Ergometer 
Located i n  OWS 
M509 Thrusters  
Located i n  OWS 
TO20 Thrusters  
Located in OWS 
MDA/STS 
PSIL MSIL 
19.9  18.4 
26.2  24.6 
30.3 29.6 
51.1 47 .O 
80.5*  84.7* 
67.7* 71.9 




57 .55(  53.7 
33.6 32.4 
40 .O 38.6 
44.1 43.6 
64.8*  61.0* 
8 6 . 9  90.8* 94.3*  8 2* 
7 4  .2* 78.6* 81.5* 86 .O* 
* Exceeds  noise  c r i te r ia  of PSIL = 56.7 dB o r  MSIL = 56.25 dB 
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A. C m n d  b Servico Hcdule D. I n e t r u r n t  Unit 
1. IPS Lnline 
2. Runninl Lishte (8  place.) 
4. Dockins Li lh t  
3. Scimitar Antenna 
5. Pitch  Control Enginme 
6. C r e w  Hatch 
7. Pitch  Control Encinee 
8. lendezvoua  Windw 
9. EVA Hand  Hold. 
None 
E. Orbi ta l  WorkehoD 
1. QIS Hatch 
2. VC8 Hixinl  Chamber 6 F i l t e r  
3. vcs Duct 
4. S tora le  Lockere 
5. vcs Duct 
6. Therm1  Shield 
7. o2 Preea.Supply Liru 
8. Mteoro id   Shi r ld  
9. Water  Containere (10 plecea) 
10. EVA Li#ht 
11. Side Wind- 
12. l o l l  Enliturn (2 plecee) 
13. LPS Radiator ?anelm (6 place.) 
1s. LCS lhd ie to r  
14. Sn RCS Hodule (4 place.) 
10. ?ood Storase (2 plecee) 
11. Stora le  Lockere 
12. Preu.Reguletore   for  H 2 0  Supply 
1). 3o.p Pee t ra in te  
14. I n t o r c a  B a  
16. Sleep  Roatraint 
17. Sleep  Remtreint 
18. Experfnnt  n131 Equip. stwale 
Container 
19. Storage Iacker 
20. Privacy  Curtain 
Control  CoNoh 
B. MutultiDle Dockina Adapter 
2. Expe r ina t  -12 Fac i l i t y  
1. Docking Tar l e t  15. 8torile Lockerr Front 6 Back 
4. Vacuum Vent Panel 
5. Frame Elec t r i ca l  Umbilicel 
6. Spare ?an Container 
7. Spare  Lllht  Container 
-3. ECS m e t  t o  P o r t  5 
- 8. Film  Vault No. 1 - 9.  ECS m e t  -21. L x p e r i r n t  H l 3 l  Rota t ins  C h a i r  
10. E x p e r i r n t  SOOU Cennieter 
11. Fl ight  Dnta F i l e  
12. Speaker  Intercom 
14. Film  Vault No. 4 26. U t i l i t y  Outlet. 
15. Film  Vault No. 3 27. rod Heater 
-16. Experiment SO09 Support  Structure 
17. M hue.  notor (UC) 
28. ?ropored Winda  
-18. Area Fan (2 placer) 
29. I n t e r e m  Box 
30. Storage Lockare 
19. F i l m  Vault No. 2 31. Solar  Array Ammy. 
20. M Structuro (AM) 
21. C 9  Abembere  and W i m  
32. Storale Cobirute 
22. Dockina ?ort No. 3 
33. Ion Source Shield 94. Utility Outlet 
23. Experiwnt SO65 
24. Experimnt 9101 leeupply 
25. Lxper i rn t   S lOl  
27. External Duct ;It 39. Lrlouter 
28. Vacuum Vent  Conruetion for  Lxperfnnt 40. me AM1Jrar 
xs 12 41. Intercom Box 
22. S t o n l a  b t . r  
23. Dryiru A r m  
25. Tf Cutlet  
24. Waeh  Diepoaal  Airlock 
13. A I W  ChD C O M O h  
I )  35. Refril./?reocer 
36. Fire Extinlulaher 
37. Food, Water Heeter L Chiller Table 
38. Cravlty Work Bench 26. lunnins Ll lh t  (4 place.) 
42. m1-t B= 
C. Airlock  nodule 45. Carer Body Nelativo  ?rer.D.vlee 43. . Kxperirnt Support S y e t n  
4). CWS Control 6 Dieplay Coamole 
46. I n t e r e m  Box 1. Windm (4 placer) 
.rC 2. nolecular S i w e a  (2 placer) 47. l o t e t i n g  C h n i r  
4. T h e r n l  Bleakat 
3. Dimcone Antencam (2 placee) 48. PCB Duct 
5. 4 Tanke (6 p l u e e )  
6. Cabin ?rere. Relief Val- Sl. I h a r u l   S h i e l d  
8. Bio-Hod Cable 
49. Crotch Aru 
SO. I l r t e a o i d   I h i o l d  
7. Suft  Storas. S i .  l u n n i q  Li lh t  (4 pI.caa) 
9. Su i t  st or.^. 
SS. Weete Stores. Tank 
S. A X S  Ihrue tere  
SS. Wteoroid  Shield 
56. h a e h  Diapomal Separation &?no 
57. A n 9  CN2.Spherer  (15 place.) 
fa. Xunninl Li lh t  (4 place.) 
S9. Solar Array Panel. 
60. Acquimitioa Li lh t  
61. In t e r io r   L i lh t  
63. L L b  Motion h e y .  Containor 
U. Hicrobio lo~iee l   Spec imn heecer 
66. Force W u u r i r y  U n i t  
10. Undefined Stmale Vol. 
11. Cewra Equip. Itore#* 
12. ITS cm ran01 
13. 7 M  Film Storela 
14. Forward Airlock k t c h  
15. Tape Recorder 
16. Spar. Preeeure  Control Unit 
17. N A / I V A  Umbilicele -62. I d  Stora le  heermr 
18. Am CooparWnt Control ? a ~ l  
21. A ? I  Airlock Hatch 
20. Li lh t  Ammy. -65. Iody Mreurmont  m i c i  
22. Lock C a p a r t m n t  EVA ?male  
23. R u n n h l  L i l h t l  (4 plaC.) M. Spare. Container 
24. N2 Tanka (5 p l u e e )  
25. EVA/IVA U.bilicalm 
26. %IN2 Panel 71. &ient i f ic   Ai r lock  
28. Fermnent Storal. 73. Force W u u r l n l  Unit 
-19. Heat  Exchangere 
-67. h o p w e d  VC8 Duct 
69. Aatro Aide Container 
70. In t e r io r   L i lh t a  
-27. I u i t  Coolin&  Hodule 72. Dnta 9 y e t n  
74. VCS Fan Cluater 
76. I n t o r c a  Box 
7% Food Container 
77. Sui t  Containor 
79. W S t e l l a r  Artroo- C o n t e i m  
78. Lmrlency Acceee 
80. N2 Tank# (3 place.) 























Force l4eeeurinl Unit 
In t e r io r  Lilhtm 
E w r p n c y  Accmea 
Heat F i l t e r  ?en 
Portable Weter Bot t le  
VCS Fen Clueter 







Scient i f ic  Air lock 
W X-lhy SOL-Photo (Exper i rn t  
Sample Array Symtem Container 
Water Wicroblolo~ical  Control  Equip. 
U t i l i t y  Ou t l e t  
P h o t o r t e r  System Container 
@xperL.nt T027) 
Foot Controlled Mneuverinl Unit 
( P x p a r h n n t  ~ 0 2 0 )  
A u t o u t i c a l l y   S u b f l i r e d  !Uneurer- 
in8 Uni t  (Exper i rn t  M09)  
Food Containarm 
Intercom Box 
s 02 0 )  
1. Apollo  Teleecow  llount 
1. C o l r n d  Antenna 
2. I o l m t r y  AntanM 
4. A R (  Solar  Array Win8 No. 2 
3. All4 Solar Array W i n g  No. 1 
5. ATM Solar Array Viol  No. 3 
6. C w n d  Ante- 
?. Am Solar  Array W i n g  No. 4 
8 .  T e l m t r y  AntenM 
9. Charlac B a t t e r y  b l u l a t o r  Module 
10. Control m o t  c f o  (3 place.) 
11. A R I  lhck 
12. C I G  I n w e t o r  No. 3 
13. Cenieter 
14. AS= Aperture D o o r  (Experbent 
15. NRL-A Film  Retrieval Door 
16. HE-2  Amrture  Door 
(6 placer) 
SO%) 











R L - A  Aparturr Ooor ( C x p e r h n t  
HCO-A Aperture Dmr ( E x p r i u n t  
Acquiaition Sun Sovorm 
Fine Sun 8aruor Apartura Door 
HA0 Aporture Door (Exper i rn t  SOS2) 
H o - 1  Aparturo Door 














~ 1 5 1  
n i p +  
x113 
Mill 
































~ P P I o I I  
?wt Controlled Hamursring Unit 
snfllgbt Aerosol An8IJmi.a 
conteplinsticm Merrsuremnt 
Crew Vehicle Disturbances 
Precision Orbital Tracking 
MaterIa3.a Rocerring irr Spsca 
Zero Gravity Flaumblllty 
Spechen Mass Xeasyr8ment.a 
H m a n  Vestibular EFunctlon 
Sleep norritorirrg Exper-nt 
Tima and M o t i o n  Study 
Body MBs Measurement 
Blood Volme and Red Cell Liie Span 
Cytogonetlc Studies of Blood 
Man'r Iasnurlty - Inviro Aspocta 
Red Blood Cels 
Mineral Balance 
Bioassay of Body Fluids 
vectorcsrdiogFslr 
Xetabelic Activity 
gxpardsble Airlock Tschnobgy 
!rh.rPsl Control coatlngm 
Huchar BmrIdon 
w Stellar Ibtroncmy (End 1- spec.) 
UV Airglow Horizon Photogrsphr 
InfUght ImP 
btrorrsut Maneuvering Equimnt 
Galactic x-Ray napplna 
Fkrticla Collection 
X--/UV SO- phatogrcrphy 
Multispuctral photographic Faci l i ty  
I n f r d  Spectramtsr 
II) Bard MultLpectral Sourcer 
Micravsvs Radiamebr 
Coronagraph Contamlnatlam Memauement 
Experiaunt Support- S y m h  
External Television 




Ultra Violet Panorama 
tBand Radiometer 
Earth Terrain Camera 
Manual Navigations Sighting8 
Ro-& Poet-Flight ISNP 
Resourcer ExperWnt 
*Experiments Having Identified Noise Sources 
U 
I 
Noise  Source 
MDA Fan  Muffler 
Assembly 
SO09  Experiment: 
Nuclear  Emulsion 
Portable  Vacuum 
Cleaner * 
S190  Experiment: 
Multispectral 
Photographic  Facility 
S191  Experiment: 
Infrared  Spectrometer 
S192  Experiment: 
10  Band  Multispectral 
Sources 
Table  3.4 - Noise  Sources  Located  in MDA 
Number of 
Noise  Sources 
Location Shown 















Sound  Power 
;eve 1 Estimates 
Table  3.7 
N/A 




!; operates  in  AM/STS  and OWS also 
1 Noise  S urce r 
Table 3.5  - Noise Sources Located i n  AM/STS 
Number of 
Noise  Sources 
OWS Cooling Module 
Cabin Heat Exchanger 
( C H E "  
Interconnect  Duct 
Fan/Muf f ler 
Condensing Heat 
Exchanger Module 
T e l e p r i n t e r  
Tape Recorder 
Portable  Vacuum 
Cleaner * 





in  F igu re  
3.5 
3 .2 ,3 .5  
3.3,3.4 
""" 
3.3 ,3 .4  








I n t e r m i t   t e n t  
I n t e r m i t t e n t  
I n t e r m i t t e n t  
Sound Power 
Level Estimates 







* por t ab le  vacuum c l e a n e r  a l s o  o p e r a t e s  i n  MDA and OWS 
Table 3.6 - Noise Sources Located i n  OWS 
Noise Source 
Vent i la t ion Control  
Sys tem (VCS) Fan 




Feca l  Col lec tor  
Suit  Drying Station 





Experiment TO20 : 
Nozzles-Foot Controlled 
Maneuvering Unit  
Experiment M17 1 : 
Ergometer 
Number of 

















* portable  vacuum c leaner  may be operated in MISTS and MDA 
Frequency of 




In t e rmi t t en t  
In t e rmi t t en t  
In t e rmi t t en t  
In t e rmi t t en t  
In t e rmi t t en t  
In t e rmi t t en t  
In t e rmi t   t en t  
In t e rmi t   t en t  









Table  3.12 
Table 3.13 
Table 3.10 
Table 3.6 - Noise Sources Located i n  OWS (continued) 
~~~ 




Specimen Mass Measure- 
ments 
Experiment M172 : 
Body Mass Measurements 
Number of 
Noise  Sources 
Location Shown Frequency of 







I n t e r m i t t e n t  
I n t e r m i t t e n t  
I n t e r m i t   t e n t  
Sound  Power 







Interconnect Duct Fan 1 
Teleprinter (Mole Sieve Fans)' 
Figure 3 . 4  Location of AM/STS Noise  Sources 
3- 26 
/- Cabin Heat Exchanger Module 
*Y 
Recorder Module 
- (IWS Cooling Module 
Figure 3 . 5  Location of AM/STS Noise  Sources 
SATURN WORKSHOP 
Figure 3.6  Location of OWS Noise Sources 
VCS Fan 
Figure 3 . 7  Location of h’oise Sources in OWS Forward Compartment 















3 * 7  MDA N o i s e   S o u r c e   P o w e r   L e v e l s  
OCTAVE BAND FAN MUFFLER ASSEMBJ,Y 
FREQUENCY CRITERIA (3  FANS) 


















Table 3 . 8  MDA/STS N o i s e  Source Power  Levels 
14.7 PSIA Atmosphere  
I 
OCTAVE 
(dB) (dB) (dB) (dB) (HERTZ) 
3 FANS ONE FAN SPEED SPEED FREQUENCY 
PRINT BAND 
CABIN HEAT EXCHANGER  MODULE * TELEPRINTER 
I SLEW . 
125 63.9  59.1  45.4 5.3 6 
250 
56.3  51.5  80.2  72.5 8000 
60.9  56.1  84.2  76.5 4000 
72.0 67.2 85.3 77.0 2000 
73.3  68.5 86 .O 78.3 1000 
75.0 70.3 85.4  78.1 500 
73.1  68.4  65.8  52.8 









































Table 3 09 MDA/STS N o i s e  Source. P o w e r   L e v e l s  
5.0 P S I A  A t m o s p h e r e  
Y r 
OCTAVE TELEPRINTER CABIN HEAT EXCIWGER MODULE INTERCONNECT  DUCT  FAN 
BAND PRINT SLEW 
FREQUENCY SPEED SPEED ONE  FAN THREE FANS ONE FAN 
(HERTZ) (dB)  (dB)  (dB)  (dB)  (dB) 
125  49.3 " 64.3 69.0 
250  51.9 64.1  70.8 75.5  60.3 
500  76.0 85.9  71.7 76.5  65.7 
1000 75.7 84.3  68.5 73.2  66.4 
2000  73.8 80.9  58.4 63.2  62.1 
4000  69.9 76.8  50.0 54.8  55.1 
8000  65.0 73.3  45.0 49.8  53.7 
OCTAVE CONDENSING HEAT  EXCHANGER TAPE RECORDER 
BAND 
FREQUENCY 12.1 VOLT MODE PLAY BACK  MODE  RECORD  MODE 
(HERTZ) (dB)  (dB) (dB) 
125 " 41.4  42.2 
250  70.2  47.9  46.2 
500  72.5 50.7 40.0 
1000  75.4 51.5  44.9 
2000  70.5 46.2 44.6 
4000 64.0 53.4  53.0 






Table 3 , l o  AM Noise Source Power 












OWS COOLING MODULE 
( 4  FANS) 
14.7 PSIA 5.0 PSIA 
60.5 " 
70.0  72.7 
66.3  67.7 
67.5  67.5 
64.7  62.8 
60.7  53.7 
55.3  48.2 
Table 3.11  OWS Noise S o u r c e   P o w e r   L e v e l s  (PWL's) 
r -a 1 
14.7 P S I A  A t m o s p h e r e  
OCTAVE 
3 CLUSTERS 1 CLUSTER BLWR, +1 SEPARATOR FAN BAND 
VCS FAN CLUSTERS FECAL COLLECTOR *ODOR PORTABLE  FANS 
F REQUENCY 
(HEXTZ) 
1 FAN 3 FANS 
(dB) (dB) (dB) (dB) (dB) (dB) 
63 65.7 70.5 67 .O 
75.5 70.7 69.0  64.0 67.2  72.0 500 
78.0  73.2 67 .O 67.0 65.7  70.5 250 
75.5  70.7 67.0  65.0 62.7  67.5 125 
73.0  68.2 64.0 
2000 60.2 65.0 60.0 58.7 63.5 
4000 62.7 67.5 54 .o 
57  .0 52.2 50.0 52.0 52.7  57.8000 
60.0 55.2' 57 .o 
1000 71.0 66.2 76.0 
5 70 1 !%; 
L 
OCTAVE * SIIOWER PORTABLE VACUUM SUIT DRYING REFRIG. 
BAND 
KNo\ms 1 FREQUENCY 
(PLYS UN- CLFMER STATION SYSTEM 






























































125 9 2000 
116.2 1000 
107.4 500 
97 05 250 
(88) 
OCTAVE BAND SOUND POWER LEVEL, dB 
2..35 P O ~ " - q  2.15 POUNDS 1 1.25 POUNDS 1 MULTI-NOZZLE 
















~ ~~ ~ ~~~~ ~ ~~ ~ ~~~~~ 
"" (90 -6) 
83 -7 
140.4  127.1 
135.4 121.3 
128.4  111.8 
.118.9 102.6 
109.8 92.9 
100 . 1 
w 
w 
Table 3.13 Experiment TO20 Nozzles Sound P o w e r   L e v e l s  
~~ ~~ ~ ~~~~ ~ ~ ~ _ _ _ _ _ ~  ~~~ ~ ~ ~~~~ ~~ 
OCTAVE BAND SOUND POWER LEVEL dB 
OCTAVE BAND 
THRUST THRUST THRUST THRUST  THRUST THRUST FREQUENCY, HZ 
14.7 PSIA AMBIENT PRESSURE 5.0 PSIA AMBIENT PRESSURE 
CENTER 0.3 POUNDS lT0 POUNDS . 1.3 P0UM)S 0,3 POUNDS 1 .O POUNDS 1.3 POUNDS 
250 
110 .o 120 .o 120 .o 117.8  127.8 128 .7 8000 
99 *7 111.4 112.1 108.5  120.8 121.5 40 00 
89.4 102.1 102.5 99.2  112.9  113 .O 2000 
77 .5 91.8 92.5 88 .O 102.3  102.1 1000 
69 .O 82 .O 82.6 78.9  92.9 93 .8 500 
59.9 68.8 70 .O 67.9 81.9 83.7 
16000 13 5 .O 133.3  123.4 125.5 127 .O 116.8 




*One-third octave band data a t  40,000 Hertz was extrapolated and used in 31500 Hertz 
octave band est imate .  
I 
Table 3.14 Equivalent  A-Weighted  Sound  Levels  Caused 
by Individual  Noise  Sources at 5.0 PSIA 
NOISE  SOURCE 
MDA Fans (3) 
Cabin  Heat  Exchanger 
Module (3 Fans) 
OWS Int.  Conn.  Duct Fan 
Mole  Sieve  Fane (2) 
Teleprinter (Print) 
Tape  Recorder  (Plybk) 
OWS ' Cooling  Module (4 Fans) 
VCS  Fan  Clusters (3) 
Refrigeration  System 
Portable Fans (3) 
Odor Fan 
Fecal  Collector 
Suit  Drying  Station 
Portable  Vacuum  Cleaner 
Shover 
Ergometer 
M509  Nozzles (15.86) 
TO20  Nozzles (2.6#) 













































































Table  3.15  Skylab  Acoustical  







MDA/ STS To t a  1 
3 0 1  f t 3  
.293.5 f t 3  
8000 f t 3  
160 f t 3  
1300 f t 3  
Compartment/Equip. Surface Area 
MDA 
4895 f t 2  ows 
549 f t 2  
ST S 
217 f t  AM 175.9 $t2 
MDA/STS Equip. 600 f t 2  
Compartment 





23 f t 2  





10 100 1000 
Frequency - Hertz 
Figure 3.11 Estimated MDA/STS Reverberation Times at Atmospheric Pressures of 14.7 and 5.0 
10K 
3-42 
10 100 1000 
Frequtncy - Hertz 
Figure 3.12 Estimated AN Reverberation Times at  Atmospheric 







Frequency - Hertz 
F igure  3.13 - Estimated OWS Reverberat ion Times a t  Atmospheric 
Pressure  of 14.7 and 5.0 PSIA 
Ill - 
Figure  3.14 MEASUREMENT LOCATIONS I N  THE OWS AFT COMPARTMENT 
+x 




+ x  
- X  
Figure 3.15 MEASUREMENT LOCATION IN THE OWS FORWARD COMPARTMENT 
I 
3-45 
+ x  I - x  
Figure 3 . 1 6  MEASURj2MEKC LOCATION IN THE STS/AM 
3-47 
Figure 3.17 MEASUREMENT LOCATION I N  THE MDA 
+ x  
i - x  
Table 3.16 SKYLAB INTERIOR NOISE SOURCE SPL's MEASURED DURING SL-3 MISSION 
Loca t ion /Descr ip t ion  
MDA Rate Gyro 
MDA Fan No. 1 
MDA Fan No. 2 
MDA CSM Fan 
STS Circ. Fans 
Mole Sieve Compressors 
STS Panels 
AM Duct Fan/Muffler 
ows c o d .  Module (AM) 
( a l l  4  fans  operat ing 
OWS Refrig.  System 
OWS VCS Duct Fans 













Overa l l  
















Overa l l  SPL 














































































































32 .O - 














* Data i s  ques t ionab le ,  s ince  a l l  va lues  exceed  ca l cu la t ed  O . A .  SpL's 

loo 















50 100 1000 1 O X  
Figure 3.21 Cornparkon of Measured Acoustic Levels in Skylab. 
3- 53 
T a b l e  3.17 SPEECH  INTERFERENCE  LEVELS  APPLICABLE TO 
SL- 2 ,  SL- 3 ,  AND SL-4 “487 MEASURED FLIGHT DATA 





OWS E x p .  
ows WMC 
OWS S l e e p  
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- -. -. . , - -. - - -. - - ” . . . 
SL- 2 SL- 3 SL- 4 Noise C r i t e r i a  
(dB) (dB) (dB) (dB) 
47.2 53 .O 52.8 56.7 
55.8 58.3 ” 56.7 
51.3 52.7 55.7 56.7 
40 .5  41.0 37.7 56.7 
41.7 42.2 46.6 56.7 
43.8 55.5 -- 56.7 
38.3 34.3 33 .O 56.7 
40.7 44.5 44.0 56.7 
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T a b l e  3.18 MODIFIED SPEECH  INTERFERENCE  LEVELS  APPLICABLE 
TO SL-2 ,  SL-3 ,  AND SL-4  “487 MEASURED FLIGHT DATA 
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SL- 2 SL- 3 SL- 4 Noise C r i t e r i a  
(dB) (dB) (dB) (dB) 
~ _ _  
44.6  51.4 50.4 56.25 
51.3 55.5 ” 56.25 
47.5 50.3 52.3 56.25 
35.8 36.8 34.3 56.25 
36.1 37 .9  42.7 56.25 
37.9 48.4 ” 56.25 
33.3 31.0 28.6 56.25 
42  .O 40.6 40.6 56.25 
~~ _ _ _ _ _  
3*19 SKYLAB INTERIOR SPL' s MEASURED DURING COOLANT LOOP NOISE INVESTIGATION - SL-4. 
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* >:NOTE: EXPERIMENT COMPARTMENT (A) AND (B) SPL'S ARE APPLICABLE TO 
BEGINNING AND END OF  MEASUREMENT ACQUISITION TIME PERIOD. 
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4.0 GENERAL  TEST  PROGRAM 
The purpose of this s e c t i o n  i s  to  present  the experience and knowledge 
gained  from  the  Skylab  Vibro-Acoustic T e s t  Program. I n c l u d e d   i n   t h i s  
s e c t i o n  are desc r ip t ions  o f  tes t  hardware, test se tup ,  ins t rumenta t ion  
requi rements  and  da ta  acquis i t ion  requi rements .  Each major test phase 
w a s  eva lua ted  and  cons t ruc t ive  criticism i s  s u p p l i e d  i n  a fo rm tha t  may 
be  he lp fu l  i n  f u t u r e  test programs. 
4.1 Vibro  Acoustic Test Overview 
The v i b r o  a c o u s t i c  tes t  program which w a s  performed on the Skylab 
S t r u c t u r a l  Model Vehicle  included the O r b i t a l  Workshop Launch Confi- 
gurat ion,  Payload Launch Configuration and Payload Orbital  Configuration 
Test Series .  Separate  Acoust ic  and Vibrat ion Tests were conducted  on 
t h e s e  test c o n f i g u r a t i o n s  p r i m a r i l y  t o  v e r i f y  m a j o r  s t m c t u r e  a n d / o r  
v e r i f y  the a n a l y t i c a l  model. 
4.1.1 I n i t i a l  T e s t i n g  P l a n  and  Revisions - The i n i t i a l  test p l an  
requi red  acous t ic  and  low f r equency ,  v ib ra t ion  tests on t h e  O r b i t a l  
Workshop, as w e l l  as, Acoust ic ,  Vehicle  Dynamics, and modal survey 
v i b r a t i o n  tests on the  Payload Assembly (PA) Launch Configuration. A 
modal s u r v e y  v i b r a t i o n  test of  the  payload  assembly  orb i ta l  conf igura t ion  
w a s  a l s o  r e q u i r e d  i n  t h e  i n i t i a l  tes t  plan.  This test  p l an  was later 
r ev i sed  to  inc lude  an  Ins t rumen ta t ion  Un i t  ( I U )  Acoustic Test and t h e  
ATM/CMG Acoust ic  Qual i f icat ion Test  for  the Apollo Telescope mount. 
4.1.2 Vibro  Acoustic Test Object ives  - The v i b r o  a c o u s t i c  tes t  
o b j e c t i v e s  were d iv ided  in to  three  phases .  Phase  I Being  the  Orbi ta l  
Workship Tests; Phase I1 being the Payload Assembly Tests; and  Phase 
I11 being  the  ins t rumenta t ion  uni t  and  Apol lo  Telescope  Mount Acoustic 
Tests. The objec t ives   o f   the   Phase  I Tests were as fol lows:  
a. V e r i f y   s t r u c t u r a l   i n t e g r i t y  of pr imary  and  secondary  s t ructure  
when exposed t o  dynamic environments. 
b, Ver i fy  dynamic design  and test  cr i ter ia  f o r  components  and 
subassemblies.  
c. Obta in   modal   response   da ta   for   ana ly t ica l  model v e r i f i c a t i o n .  
The Payload Assembly Tests, Phase I1 Object ives  w e r e  as follows: 
a. Ver i fy   S t ruc tu ra l   In t eg r i ty   o f   t he   Pay load  Assembly t o  t h e  
Dynamic Environment 
b. Qua l i ty   F l igh t  Hardware  Components 
c .   Obtain  modal   response  data   for   an  analyt ical  model 
v e r i f i c a t i o n  
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d. Verify  Dynamic  Design  and  Test  Criteria  for  components 
and  sub-assemblies 
The  objectives  of  the  Phase I11 tests  were  as  follows: 
a. Verify IU Dynamic  Behavior 
b. 'Verify  Dynamic  Design  and  Test  Criteria  for  Components 
and  Sub-assemblies 
c. Verify  Prototype  FCC (IU) response  characteristics 
d. Full  dynamic  qualification  of the ATM/CMG 
4.1.3 - Generalization  of  Test  Accomplishments - All the  Test 
Objectives  were  accomplished  for  the  Phase I, Orbital  Workshop  Tests. 
One  component  was  qualified  as  a  result of tests,  with  no  requalification 
tests  required. 
The  Phase  IIA,  Payload  Assembly  Launch  Configuration  Tests, 
accomplished  all  test  objectives.  This  phase  qualified  four  components' 
with  the  requirement  for  six  requalification  tests. It also  established 
the  requirement  for  additional  IU  Acoustic  Tests  and  additional  ATM/CMG 
Acoustic  Qualification  Tests  (Phase 111). 
The  Phase  I1 B, Payload  Assembly  Orbital  Configuration  Tests, 
accomplished  all  Test  Objectives.  Twenty-five  unique  test  modes  were 
acquired,  which  represent  all  identifiable  major  structural  resonances 
in  the  zero to twenty  hertz  frequency  range.  These  twenty-five  test 
modes  were  determined  to  be  comprised of nine  major  components.  The 
quality  of  the  test  modes  were  excellent  with  only  one  mode  exhibiting 
poor  orthogonality  characteristics. 
All test  objectives  were  accomplished  €or  the  Phase  111,  IU  and 
Apollo  Telescope  Mount  Acoustic  Tests. The CMG  was  requalified  due  to 
tests  and  twenty-three  requalification  test  were  required  for  the IU 
components. 
4.1.4 Test  Anomolies  and  Criteria  Surmnary - There  were  no  test 
anomalies  in  the  Phase I Tests.  Six  levels  of  environmental  sub  zones 
were  raised,  thirty-three  were  lowered  and  fourteen  remained  unchanged. 
Forty-seven  additional  environmental  sub  zones  were  added fc special 
component  criteria. 
In  the  Phase  I1 A, Payload  Assembly  Tests  a  decision  was  reached 
to  conduct  additional IU Acoustic  Tests  due  to  a  ST-124  exceedance  and 
a  FCC  excedance. 
The  Dynamic  criteria  assement  for  the  major  components  of  the 
Launch  Configuration  Payload  Assembly  were  as  follows: 
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MDA 
a. Delete  sinusoidal  evaluation  criteria,  all  zones 
b. Change  weight  specification  for  2  environmental  sub  zones 
c.  Add  9  new  environmental  sub  zones 
AM (Including PS, DA,  and  FAS) 
a. Raise 11 environmental  sub  zones 
b. Add 3 new  environmental  sub  zones 
c. Special  environmental  criteria  for 7 components 
IU 
a. Acoustic  criteria  increased  by  a  factor f2 db on  the 
power  spectral  density  (70-2000 HZ range) 
ATM 
a. Raise  2  environmental  sub  zones 
4.2 Phase.lII A Payload  Assembly  Launch  Configuration  Tests 
Acoustic  and  Vibration  Tests  were  conducted  on  the  Skylab  Payload 
Assembly  from 08 September  through 08 October  1971.  The  Test  Program 
for  the  Launch  Configuration  was  comprised  of  the  following  major 
activities : 
Payload  Assembly - Lift-off  Acoustic  Environment 
Payload  Assembly - Boundary  Layer  Acoustic  Environment 
Acoustic  Absorption  Test 
IU  Acoustic  Test 
IU Modal  Survey 
4.2.1 Acoustic  Tests 
4.2.1.1 Test  Requirements - The  following  conditions  are  sum- 
marized  from  the  Acoustic  Test  Plan, S + E-ASTN-ADD-71-69 
4.2.1.1.1 Test  Objectives - The  primary  test  objectives of the 
Payload  Assembly  Test  Program  were to: 
a. Verify  the  structural  integrity  of  the  assembly 
b. Verify  the  dynamic  design  and  test  criteria  for  components 
and  sub-assemblies 
c. Qualify  flight  hardware  components 
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4.2.1.1.2 Specimen  Configuration - The  test  specimen  consists  of 
an Instrument  Unit,  Fixed  Airlock  Shroud,  Payload  Shroud.  Airlock 
Module,  Multiple  Docking  Adapter,  Apollo  Telescope  Mount,  and  Deploy- 
ment  Assembly.  These  items  were  assembled on an s-IV B OWS/Forward 
Skirt  and  Tank  Dome  Assembly  as  shown  in  Figure 4.1. Flight  type 
components  which  were  installed  during  the  acoustic  tests  and  denoted 
in  figures 4.2,  4.3, and 4.4 are  as follows: 
a. PLV  Fan  Motor  Assembly  located  in  the  Cabin  Head 
Exchanger  Module  of  the  STS. 
b. Film  Vaults  3  and 4 located in  the MDA. 
c. H a 1 Camera  located  in  Film  Vault 4 of  the MDA. 
d. AS & E  Camera  located  in  Film  Vault 3 of  the MDA. 
e. SO56  Experiment  Camera  located  in  Film  Vault  3  of  the 
MDA. 
f. PLV  Fan  Motor  and  Muffler  Assembly  located  in  the  Cone 
Section  of  the  MDA. 
All  other  components  and  assemblies  were  either  prototype  or  mass 
simulated  models. 
4.2.1.1.3 Facilities  Description - All the  tests  described  in 
this  document  were  conducted  in  the  acoustic  test  facility,  building 
49, Manned  Spacecraft  Center,  Houston,  Texas.  The  test  specimen  was 
located  in  a  reverberation  chamber  with  a  volume  of  approximately 
169,000  cubic  feet  as  shown  in  the  sketch  in  Figure 4.5. 
4.2.1.1.5 Control  and  Data  Systems - The  acoustic  test  spectra 
were  controlled  by an automatic  closed  loop  system  capable of adjusting 
the  test  environment  to  within _+ 2  db  of  prescribed  values.  Simulation 
limitations  inherent  in  environmental  acoustic  testing  were  minimized 
by use of vibroascoustic  transfer  functions  which  were  derived  and  used 
to  adjust  spectra so that  selected  test  article  responses  in  the  OWS 
and  IU  would  correlate  with  available  flight  data.  Simplified  block 
diagrams of the  Acoustic  Excitation/Control  and  Data  Acquisition  System 
are  presented  in  Figures 4.6 and 4.7. 
4.2.1.2  Test Summary - The  Acoustic  Testing,  conducted  in  the 
NAW reverberent  chamber,  consisted of exposing  the PA Test  Article 
to  both  lift  off  and  aerodynamic  environments  for  a  prescribed  time. 
A Test  Summary  is  presented  in  Table  4.1,  which  is  a  chronological 
listing of  the  Test  Sequence,  run  number,  description,  Test  reference, 
Test  parameters,  duration,  data,  overall SPL, data  reference  and  remarks. 
4.2.1.2.1 Test  Procedure - The  performance  of  each  acoustic 
exposure,  identified  in  Table 4-1 by  run  no.'s PA-A-002,  003, 006, 009, 
010,  011,  012, 040, 041, 043, 044, and  045  was  implemented  by  following 
the  steps  described  in  the  detailed  test  procedure,  DTP-SKY-7. 
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Table 4-1 run no.'s PA-A-046 and 047 sinewave sweeps w e r e  performed 
as requi red  by r e fe rence  11. 
4.2.1.2.2 Ins t rumenta t ion  - A t o t a l  of 360  measurements,   consisting 
of 285 acce lerometers ,  43 microphones, and 32 s t r a i n  g a g e s ,  w e r e  recorded 
du r ing  t e s t ing .  The da ta  acqu i s i t i on  sys t em p rov ided  capab i l i t i e s  fo r  
record ing  264 channels ;  therefore ,  a second run a t  each test cond i t ion  
wi th  a repa tch  of  96 channels  was r equ i r ed  to  ob ta in  da t a  f rom a l l  360 
measurements. 
No tes t  w a s  s t a r t e d  w i t h  more than  th ree  da t a  senso r s  i n  an  inope ra -  
t ive  condi t ion .  The tes t  s p e c t r a  were c o n t r o l l e d  t o  10 s u r f a c e  mounted 
microphones. 
The i n d i c a t e d  t o t a l  a c c o u n t s  f o r  a l l  instrumentat ion locat ions changes 
and  addi t ions  as d e s c r i b e d  i n  t h e  Volume I Ins t rumenta t ion  P lan ,  
ED-2002-1255, Revision A, da ted  31 December 1976. 
4.2.1.2.3 Data Summary - Data from t h e  a c o u s t i c  test  can  be 
found in   r e f e rences   (12 ) ,   and  (13). Data   no t   p resented   in   these   re fe rences  
are ava i lab le  f rom s tored  magnet ic  tapes .  Measurement number versus  
run  number and recorder  channel  number information are p r e s e n t e d  i n  
Table I1 of the  in s t rumen ta t ion  p l an  no ted  in  4.2.1.2.2. 
4.2.1.2.4 Test Descr ip t ion  - The following  contains  summaries 
of Test Problem Areas and  so lu t ions  to  these  problems.  In  addi t ion ,  
c i r cums tances  r e spons ib l e  fo r  abor t ed  test  runs are t abu la t ed  by na tu re  
of error  and frequency of  occurrence.  
PROBLEM: Lack  of Acoustic Power i n  High  Frequency  bands  (above 
500 Hz) 
CORRECTION: A i r  modulator/Horn  Configurations were changed t o  
t o  EPT-200 modulators ,  which have greater  acoust ic  
ou tput  in  the  upper  f requency  range .  
PROBLEM: Data from PA-002 and PA-003 i n d i c a t e d   t h a t   v i b r a t i o n  
i n p u t s  t o  t h e  I U  Components would exceed s p e c i f i c a t i o n  
l e v e l s  i f  t h e  f u l l  l i f t - o f f  s p e c t r u m  was a p p l i e d  t o  t h e  
Test  Article. 
CORRECTION: An a d d i t i o n a l  Low Level T e s t  w a s  run. A review of  
t h e  d a t a  r e s u l t e d  i n  a d e c i s . i o n  t o  u s e  a n  a l t e r n a t e  
l i f t -of f  spec t rum which  w a s  based on the I U  Data 
a l o n e ,  s i n c e  t r a n s f e r  f u n c t i o n s  computed  from t h e  
S-IV B forward  sk i r t  measurements  exhib i ted  s igni f i -  
cant  deviat ions from corresponding f l ight  measurements .  
4- 6 







SECTION + z  1 1 
02 TANKS (TYF' 
FIXED AIRLOCK 
INSTRUMENT. - " UNIT 
-X 
Figure 4.1 - Payload -__ ""A s s e m b l y  " ." . Test " A r t i c l e  Launch Configuration _" .- 
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Figure 4.7 Data Acquisition System for PA Testing. 
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Malfunctions  responsible  for  aborted  Test  Runs. 
FREQUENCY  OF 
NATURE  OF ERROR OCCURRENCE 
Was-300  modulator  had insufficient  1
Acoustic  Power  in  upper  frequency  range. 
Chattering of Air Modulator Cooling System 1 
Control  relay 
Test  Control  Computer  Malfunction  3 
Power  output  switch  in  "Dummy  Load" 
Position  resulting  in  no  Acoustic 
Power  Output 
Microphone  damaged  when  scaffolding 
was  removed  prior  to  testing 
1 
1 
The  total  number  of  Test  Malfunctions  is  small  compared  to  the 
total  number  of  tests  these  malfunctions  had  no  major  detrimental 
effect  on  the  Total  Test  Program. 
4.2.2 IU Modal  Vibration  Test - The  Skylab  Payload 
assembly  acoustic  test  data  showed  that  vibration  responses  of  the 
Flight  Control  Computer  (FCC)  and  the  ST-124  package  were  significantly 
higher  than  vibration  qualification  criteria,  as  previously  reported 
in "Skylab  Payload  Assembly  Acoustic  Testing."  Marshall  Space  Flight 
Center's  assessment  of  this  problem  led  to  the  conclusion  that  any 
requalification  program  on  the  FCC  would  have  a  serious  impact  on  the 
Skylab  Program.  In an effort  to  obtain  a  better  understanding of
the  modal  characteristics  of  the IU which  were  contributing  to  the 
excessive  vibration  of  these  components,  a  vibration  test w a s  con- 
ducted  on  the IU. 
4.2.2.1  Test  Requirements - All'testing  was  conducted  in 
accordance  with  MSFC  Test  Program  Plan S +E - ASTN-ADD-  (71-69), 
"PA  Vibroacoustic  Test  Plan,  Phase 11". Minor  modifications  to  the 
Program  were  incorporated  through  Test  Control  Board  Directives (TCBD). 
'4.2.2.1.1  Test  Objectives - The  tests  were  conducted  to  define 
the  mode  shapes,  resonance  frequencies,  and  dampfing  characteristics 
associated  with  the  measured  response of the  Flight  Control  Computer 
(FCC)  and  the  ST-124  stabilized  platform  mock-ups  observed  during  the 
PA Acoustic  Testing .
4.2.2.1.2  Test  Specimen - The  test  configuration  consisted  of  the 
Instrumentation  Unit  with  a  mass  simulated  FCC  mock-up.  Force  control- 
led  sweeps,  resonant  dwells  and  decays  were  performed.  Following  this 
activity,  a  prototype  FCC  was  installed  replacing  the  mass  mock  up,  and 
subsequent  tests  were  performed. 
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4.2.2.1.3 Test  Facilities - Refer  to  Section 4.2.1.1.3 of  this 
report  for  description. 
4.2.2.1.4 Testing  Apparatus - At  each of  the  four  exciter  locations 
(Figure 4.8), a  Ling A280 shaker  was  suspended  from  the  facility  crane 
by  cables,  thus  forming  a  low-frequency  pendulum  (resonance  below 2.0  Hz).
The  shaker  was  positioned  with  a  mounting  assembly  and  attached  to  the 
IU  through  a  "stinger"  with  a  load-cell  force  link. A typical  shaker 
suspension  system  is  shown  in  Figure 4.9. At three of the  test  locations, .
aluminum  plates  (which  had  been  drilled  and  tapped  for  the  force  link) 
were bonded  to  the  test  article  to  provide  shaker  attachment  points. 
At the  fourth  location,  the  force  link  was  attached by  drilling  and 
tapping  one  of  the  ST-124  mounting  bolts. 
4.2.2.1.5 Control  and  Data  Systems - The  control  system  for  the 
electrodynamic  shaker  consisted  of  a  frequency  synthesizer,  its  associated 
programing  unit,  and an amplitude-servo  device  for  maintaining  a  constant 
input  force  over  the  frequency  range.  The  electrical  signal  developed 
in  these  instruments  was  amplified  by  a  solid  state  direct-coupled  power 
amplifier  to  provide  the  necessary  drive  current  for  the  shaker. A 
strain-gage  load  cell  was  installed  between  the  shaker  and  the  vehicle 
drive-point  to  provide  force  measurement  for  servo  feedback. A block 
diagram  of  the  control  system  is  shown  in  Figure-4.10. 
The  readout  system  for  phase  tuning  consisted  of  oscilloscopes 
with  the  force  signal  driving  the  horizontal  axis  and  the  referehce 
accelerometer  driving  the  vertical,  thus  providing  a  Lissajous  ellipse. 
All accelerometer  and  force  signals  were  filtered  through  a  10-Hz 
bandwidth  tracking  filter  whose  center  frequency  was  tuned  to  the 
synthesizer  drive  signal  frequency. 
4.2.2.2  Test  Summary - The  PA/IU  was  subjected  to  low-force  levels 
which  were  varied  sinusoidally  over  a  frequency  range  of  5  to 70 Hz  at 
four  different  locations.  Then  resonant  dwell  tests  were  conducted 
based  upon  resonant  frequencies  observed  and  selected  during  the  sine- 
sweep  tests.  In  addition,  the  FCC  mock-up  was  replaced  with an FCC 
prototype,  and  subsequent  tests  were  performed  to  determine  the  IU 
vibration  characteristics  with  FCC  prototype  installed. 
4.2.2.2.1 Test  Procedure - Five  sine-sweep  tests  were  initally 
conducted  over  a  frequency  range  from  5  to 70 Hz  during  which  data  from 
61 fixed  measurements  were  recorded.  Following  completion  of  the  sine- 
sweep  testing,  the  data  were  processed  and  plotted  in  the  form  of 
g(peak)/lb versus  frequency  and  phase  angle  (relative  to  force)  versus 
frequency.  The  data  review  team  examined  the  processed  data  and 
selected  frequencies  for  further  investigation.  At  each  frequency  of 
interest,  a  survey  of  the  vibration  accelerations  normal  to  the  external 
surface  was  made  by  means  of  acceleration  probes.  Personnel  manning  the 
probes  were  directed  to  grid  positions  on  the  structure  by  test  engineers 
located  at  a  central  instrumentation  point.  At  each  location  of  interest, 
acceleration  values  and  phase  (relative  to  either  force  or  a  reference 
accelerometer)  were  measured  and  logged. In  addition,  numerous  frequencies 
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were se lec ted ,  tuned ,  and  acce lera t ion  da ta  recorded  for  pos t - tes t  
examination. 
Damping c h a r a c t e r i s t i c s  were determined by a b r u p t l y  t e r m i n a t i n g  
power t o  the th rus t e r  and  r eco rd ing  the v i b r a t i o n  d e c a y  as measured 
by a l l  accelerometers .  
4.2.2.2.2 Ins t rumen ta t ion  Summary - A t o t a l  o f  64 f i x e d  s e r v o  
acce le romete r s  were reco rded  du r ing  the  sub jec t  v ib ra t ion  tests,  and 
a f o r c e  t r a n s d u c e r  was  u s e d  t o  c o n t r o l  the fo rce  inpu t  t o  the  spec imen .  
Details conce rn ing  spec i f i c  i n s t rumen ta t ion  loca t ions  are  d e s c r i b e d  i n  
t h e  Volume I Ins t rumenta t ion  P lan ,  ED-2002-1255 Revision A, da t ed  
31 December 1971. 
4.2.2.2.3 Data Summary - Tabula ted  da ta  f rom the  modal survey 
dwell  tests a re   p re sen ted   i n   r e f e rence   (14 ) .  Data not   presented 
are ava i l ab le  f rom s to red  magne t i c  t apes .  In fo rma t ion  r ega rd ing  
recorded  da ta  i s  p r e s e n t e d  i n  Appendix E, Table I1 o f  t h e  I n s t r u m e n t a t i o n  
Plan,  noted 4..2.2.2.2. 
4.2.2.2.4 Test Desc r ip t ion  - Although,  no  major  equipment 
problem were encountered ,  severa l  t es t  r e runs  were r e q u i r e d  f o r  t h e  
fol lowing reasons.  
CAUSE  OF RERUN 
Power supply 60 Hz n o i s e ;  d a t a  
unreadable  
FmQUENCY  OF 
OCCURRENCE 
1 
Poor ly   def ined  mode 1 
R e p e a t  f o r  b e t t e r  l o g  
decremint  data  
6 
ANOMALIES: The re sponse   o f  t he  FCC Prototype was s i g n i f i c a n t l y  
lower  than  the  response  of  the  mass mock-up f o r  a 
g iven   input   force   above   40  Hz. I n  p a r t i c u l a r ,  no 
s i g n i f i c a n t  55-Hz responses were measured a f t e r  
i n s t a l l a t i o n  o f  t h e  p r o t o t y p e  FCC. Acoustic tes t  
d a t a  p r e v i o u s l y  o b t a i n e d  i n d i c a t e  t h a t  a 55-Hz 
mode c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  FCC problem 
(FCC v i b r a t i o n  l e v e l s  greater t h a n  q u a l i f i c a t i o n  
l e v e l s ) .  As a resul t  o f   t h i s   d i s c l o s u r e ,  more 
t e s t i n g  was a u t h o r i z e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  
p r o t o t y p e  i n s t a l l a t i o n  o n  t h e  IU r e s p o n s e  t o  random 
a c o u s t i c  e x c i t a t i o n .  
4 .2 .3   Alternate  Test Approach + Recommendation'-  Instrumentation 




A SPHERICAL BEARINGS 
Driving Point  
I 
Figure 4.8 Thruster   Driving  Locat ions 
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Figure 4 . 9  Shaker Suspension System 
Figure 4.10 Block Diagram of Control System 
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CORRECTION: Scope   i n s t rumen ta t ion   r equ i r emen t s   w i th in   f ac i l i t y  
c a p a b i l i t y .  This would  require  a p r e - t e s t  a n a l y s i s  
as a b a s i s  f o r  i d e n t i f y i n g  minimum requirements.  
4.3 Phase I1 B - Payload  Orbi ta l  Conf igura t ion  Modal Survey - 
This modal survey was performed during the period extending from 23 May 
through 23 June 1972 a t  the Manned Spacecraf t  Center  in  Houston,  Texas 
under  the  d i rec t ion  of  Marsha l l  Space  F l ight  Center ,  Huntsv i l le ,  
Alabama. Data was acqu i red  f rom th i s  test  wh ich  iden t i f i ed  23 elastic 
and 2 r i g i d  body modes. 
4.3.1 Test Requirements - The fo l lowing   repor ted   condi t ions  are 
s t anda rd  modal survey test requirements.  
4.3.1.1 Test Ob jec t ives  - The Skylab  modal  survey test was performed 
t o  o b t a i n  t h e  characteristic v i b r a t i o n a l  f r e q u e n c i e s ,  mode shapes,  
damping coe f f i c i en t s ,  and  gene ra l i zed  mass of  the  normal  modes. Data 
der ived  f rom the  tes t  was u s e d  t o  e v a l u a t e  t h e  a n a l y t i c a l  r e s u l t s  
ob ta ined  wi th  a ma themat i ca l  s t ruc tu ra l  mode l ;  and  to  fu r the r  r e f ine  
design load modeling techniques.  
4.3.1.2 Test Specimen  Configuration - Test configurat ion hardware 
cons is ted  of  the  ins t rumenta t ion  uni t  ( I U ) ,  f i xed  a i r lock  sh roud  (FAS), 
t h e  s t ruc tu ra l  t r a n s i t i o n  s e c t i o n  (STS) , t h e  a i r l o c k  module (AM) , t h e  
mul t ip le  docking  adapter  (MDA), t h e  ATM deployment  assembly  @A),  the 
Apol lo  te lescope  mount (ATM) , and t h e  command and  serv ice  module (CSM) . 
The aforementioned subassemblies were stacked upon t h e  S-IVB configura-  
t i o n  o r b i t a l  workshop (OWS) fo rward  sk i r t / t ank  dome assembly (see Figure 4. 
n). The ATM included semi-deployed solar arrays, two of which contained 
mass simulated panels.  
F l i g h t  t y p e  components which were i n s t a l l e d  d u r i n g  t h e  t es t  were 
as follows: 
a .  PLV Fan  Motor  Assembly loca ted  in  the  Cab in  Heat Exchanger 
Module of t he  STS; 
b.   Film  Vaults 3 and 4 l o c a t e d  i n  t h e  MDA; 
c .  PLV Fan  Motor  and Muff le r  Assembly  loca ted  in  the  cone  sec t ion  
of  the MDA. 
A l l  other components were e i the r  p ro to type  o r  mass simulated models. 
4 . 3 . 1 . 3  Test F a c i l i t i e s  - The tests desc r ibed  were conducted  in  
the Spacecraf t  Vibrat ion Laboratory (SVL) of  the  Vibra t ion  and  Acous t ic  





Figure  4.11 MODAL SURVEY TEST SETUP 
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4.3.1.3.1 Test Suspension  System - The PA d e s c r i b e d  i n  para- 
graph 4.3.1.2 was s t acked  in  the  o rb i t a l  con f igu ra t ion  on  the  12 ,000  
pound b a s e  r i n g  f i x t u r e .  The CSM and ATM were supported from  above 
by one  a i r sp r ing  each .  Three  add i t iona l  a i r sp r ings  a t t ached  to  the  
ou te r  pe r iphe ry  o f  t he  base  suppor t  r i ng  f ix tu re  by means o f  s i n g l e  
a t t a c h   p o i n t   l o a d  c e l l  l inks   spaced  120 degrees  apar t .  Suspension 
s p r i n g  rates and damping c h a r a c t e r i s t i c s  were c o n t r o l l e d  by t h e  r e g u l a t i o n  
of a i r  p r e s s u r e  t o  tk plenum chambers of the five pneumatic springs.  
A i r  p r e s su re  was maintained to  provide suspension resonance and damping 
c h a r a c t e r i s t i c s  a t  v a l u e s  where minimum in te r fe rence  wi th  spec imen modal 
r e sonance  p rope r t i e s  were r e a l i z e d ,  a n d  t h e  c o n s t r a i n t s  o f  s t a t i c  sta- 
b i l i t y  were s t i l l  obse rved .   P ro tec t ion   aga ins t   poss ib l e   ca t a s t roph ic  
f a i l u r e  of the suspension system was provided by au tomat i c  i n t e r lock  
s y s t e m  and by p o s i t i o n i n g  e i g h t  s t a t i c  s u p p o r t  s t a n d s  i n  s u f f i c i e n t  dim- 
e n s i o n a l  p r o x i m i t y  t o  p r e v e n t  a n y  p o s s i b l e  d e s t r u c t i v e  t r a n s l a t i o n a l  o r  
r o t a t i o n a l  m o t i o n s  r e a c t i n g  upon the  tes t  system. 
4.3.1.3.2  Shaker  Posit ioning, - The e x c i t a t i o n  o f  p r e d i c t e d  a n a l y t i -  
ca l  modes demanded the  p l acemen t  and  ac t iva t ion  o f  t he  v ib ra t ion  exc i t e r s  
a t  prec ise  geometr ica l  pos i t ions  and  in  exac t  force lphase  combina t ions .  
I n  some cases ,  mechan ica l  access ib i l i t y  p reven ted  r ea l i za t ion  o f  dimen- 
s i o n a l   p o s i t i o n i n g .  Twenty-one shakers  were a t t a c h e d   t o   t h e  t e s t  spec i -  
men. Of these   21   shakers ,  12 were  control led  s imultaneously.   During 
t h i s  t es t  series, t h e  s h a k e r s  a t  18 l o c a t i o n s  were subsequen t ly  u t i l i zed  
f o r  modal tuning. 
The shakers  employed i n  t h i s  tes t  were r a t e d  a t  150 f o r c e  pounds  and 
were Unholtz-Dickie Model 28 e x c i t e r s .  Of the  21  exci ters   emplaced,   14 
were hard mounted t o  ma jo r  bu i ld ing  s t ruc tu ra l  members, and seven were 
suspended upon s p r i n g  yoke support  systems. The exci ters   were  connected 
t o  t h e  s t r u c t u r e  by s t r i n g e r s  d e s i g n e d  t o  r e s o n a t e  a t  f requencies  well  
above  the  upper  frequency limits o f  t e s t .  No s t r inge r   o r   suspens ion  
problems were encountered during conduct  of  this  tes t  s e r i e s .  
4.3.1.4  Control  and  Data S y s t e m s  - A l l  test c o n t r o l  and d a t a  
ope ra t ions  were automated. The GAC 18/30   d ig i ta l   computer  and i t s  ass- 
o c i a t e d  p e r i p h e r a l s  p e r f o r m e d  a l l  f a c e t s  o f  tes t  c o n t r o l ,  d a t a  a c -  
qu is i t ion l reduct ion ,  and  da ta  d isp lay  under  the  superv is ion  of  Automat ic  
Modal Tuning and Analysis System (AMTAS) sof tware  for  a l l  phases  of  the 
t es t  program  with  the  exception  of  the  wide band sweeps.  Data  emanating 
from the wide band sweeps were recorded on analog tapes for  subsequent  
d ig i t a l  p rocess ing  and  g raph ic  p re sen ta t ion .  
Throughout the narrow band modal tuning and modal dwe l l s ,  AMTAS 
o p e r a t e d  i n  t h e  a u t o m a t i c  d i g i t a l  mode. 
4 . 3 . 2  Test Summary - I n  o r d e r  t o  a c c o m p l i s h  t h e  s t a t e d  t e s t  o b j e c -  
t i v e s ,  t h e  program was conduc ted  in  f ive  d i s t ine t  phases .  These  were: 
a .  An Automatic Modal Tuning  and  Analysis  System (AMTAS) checkout 
and end-to-end cal ibrat ion was c o n d u c t e d  p r i o r  t o  i n i t i a t i o n  o f  
the  wide band s i n u s o i d a l  sweeps. Th i s   a s su red   t he   ope ra t iona l  
readiness  and accuracy of  the AMTAS s y s t e m  p r i o r  t o  commencement 
o f  a c t u a l  t e s t i n g .  
b. 
C .  
d .  
e .  
~ ~ ~~~~ ~ ~ ~ 
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Wide band s i n u s o i d a l  sweeps  were conducted using both s ingle  and 
pa i r ed   shake r s .   Fo r   s t ruc tu ra l ly  mounted shakers ,   the   f requency 
in te rva l  ex tended  f rom 0.8 t o  20 Hz. When pendulum  mounted shakers  
were employed, the lower frequency l i m i t  was determined by 
the  shaker   suspension  system  isolat ion  f requency.   Single   and p a i r -  
ed shakers connected a t  each o f  13 separate v e h i c l e  e x c i t a t i o n  
s t a t i o n s  were s tepped over  the test frequency range in  increments  
o f  0 . 1  Hz. The dwe l l  du ra t ion  a t  each  0 .1  Hz frequency 
increment was a d j u s t e d  t o  a s s u r e  a minimum of 12 c y c l e s  p e r  
increment. The outputs   o f   62   p rese lec ted   se rvo   acce lero-  
meters were recorded  on  analog  magnetic tape.  These  magnetic 
tapes  were subseqeuntly processed by the Computation and Analysis 
D iv i s ion  (CAD) yielding  Cospectrum,  Quadrature s p e c t r u m ,  Cross 
spectrum, and phase angle  plots  and alphanumeric  tabulat ions for  
each  of  12 sweeps. Examinat ion  of   these  records  afforded  an 
i n s i g h t  i n t o  t h e  number and  r eg ions  o f  s ign i f i can t  r e sonances ,  
the presence of  modal coupl ing ,  and  the  most  e f f ic ien t  loca t ions  
f o r  t h e  e x c i t a t i o n  o f  s p e c i f i c  modes. 
The r i g i d  body  modes of the specimen and suspension system were 
checked. Due t o   t h e   p h y s i c a l  asymmetry  of t h e   s t r u c t u r e / s u p p o r t  
system, a h igh  degree  of  modal coupl ing was observed. Only  two 
r i g i d  body (suspension) modes were acquired due to  schedule  l i m i -  
t a t ions .   These   da ta  are e s s e n t i a l  i n  d e t e r m i n a t i o n  o f  t h e  e f -  
f ec t s  o f  suspens ion  cons t r a in t s  upon t h e  modal  damping. 
Narrow band modal tuning was accompl ished  us ing  mul t ip le  shaker  
i n s t a l l a t i o n s  a t  each frequency where resonant conditions were 
i n d i c a t e d  by the wide band co inc iden t -quadra tu re  r e sponse  p lo t s .  
Coinc ident -quadra ture  p lo ts  were d ig i t a l ly  p roduced  fo r  one  
f o r c e  and t h r e e   s e l e c t e d   a c c e l e r o m e t e r s .   F o r c e   d i s t r i b u t i o n s  
and  phas ing  re la t ionships  were a d j u s t e d  among the  va r ious  exc i -  
t a t i o n  s t a t i o n s  t o  a c h i e v e  f i n e  t u n i n g  o f  t h e  mode. Achievement 
o f  f i n a l  t u n i n g  was determined by examinat ion of  both Lissajous 
pa t te rns  and  the  Coinc ident -Quadra ture  p lo ts .  
A f t e r  f i n e  t u n i n g  was accomplished, modal decay traces for 16 
prese lec ted   acce le rometers  were recorded   on   osc i l lographs .   In  
addi t ion ,  12  se lec ted  decay  acce lerometers  were recorded on 
analog  magnetic tape.  I f  t h e s e  modal decays  proved  free  from 
bea t ing ,  the  nar row band f o r c e  d i s t r i b u t i o n s  were r e e s t a b l i s h e d  
f o r  p u r p o s e s  o f  d a t a  a c q u i s i t i o n .  
4 . 3 . 2 . 1  Test Procedure - A test procedure was generated by t h e  
tes t  agency  which  re f lec ted  the  requi rements  of  the  tes t  plan and pro- 
vided the procedural  s teps  to accomplish wide band sweeps,  f i ne  tun ing ,  
narrow  band sweeps,  etc.  
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4 .3 .2 .2   Ins t rumenta t ion  Summary - The t y p e s ,   q u a n t i t y ,   l o c a t i o n  
and  iden t i f i ca t ion  o f  a l l  dynamic  ins t rumenta t ion  requi red  dur ing  the  
t e s t  are p resen ted  in  Mar t in  Marietta Corpora t ion  (MMC) document ED- 
2002-1532, Volume 111, da ted  30  September  1972. I n  summary, t r ansduce r s  
which were r e q u i r e d  f o r  t h i s  test were of the following types and quan- 
t i t i e s .  
Type Q u a n t i t y  
Servo Accelerometers 
Force Transducers 






T o t a l  250 
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4.3 .2 .3   Data  Summary - Coincidence-quadrature (CO/QUAD) p l o t s  and 
t a b u l a t i o n s  were o b t a i n e d  f o r  a l l  wide band sweep tests and CO/QUAD p l o t s  
were obtained  for   narrow band sweep tests.  CO/QUAD t abu la t ions   and  two 
dimentional  mode shape  p lo ts  were ob ta ined  fo r  a l l  dwell  tests and time 
ampl i tude   t races  were ob ta ined  fo r  a l l  decay tes ts .  Refe r  t o  the  fo l low-  
i n g  s e c t i o n s  f o r  f u r t h e r  d e t a i l s .  
4 .3 .2 .3 .1  Test Techniques Wide Band Modal Tuning Sweeps - The 
computer  provided,  through  the  Synchon  interface,   the  required  frequency 
and sweep ra te  parameters. Force  control   and  abort   exceedance  supervis ion 
employed d i g i t a l  methods. The outputs   o f   62   p rese lec ted   se rvo   acce lero-  
meters  were  reocrded  using  the  vidar m u l t i p l e x  system.  This  system 
mult iplexed s ix  channels  of data  onto each analog magnet ic  t a p e  t r a c k  
us ing  carriers of d i f f e r e n t   c e n t e r   f r e q u e n c i e s .  The cen te r   f r equenc ie s  
and  devia t ions  for  each  channel  were as shown below: 
Data  Channel 1 62.5 KHz + 10 KHz 
Data Channel 2 100 KHz 10 KHz 
Data Channel 3 137.5 KHz t 10 KHz 
Data Channel 4 175 KHz 2 10 KHz 
Data Channel 5 212.5 KHz 2 10 KHz 
D a t a  Channel 6 250 KHz 2 10 KHz 
Reference Channel 287.5 KHz 2 10 KHz 
The  62 accelerometers  were recorded  on 11 d a t a  t r a c k s .  An I R I G  "B" 
time code was recorded on Channel 6 o f  t r a c k  13. The tape r eco rd ing  
speed was 60 inches   per   second  ( ips ) .  A f u l l  scale 25 Hz c a l i b r a t i o n  
s i g n a l  was recorded on each data  channel  preceding each data  acquis i t ion 
run.  These tapes were d e l i v e r e d   t o  CAD for   p rocess ing .  The f i n a l   d a t a  
emanated i n  t h e  form of  cospectrum, quadrature  spectrum, cross  spectrum, 
and phase angle  plots  and alphanumeric  tabulat ions.  
Normal turaround time from sweep tes t  to  p rocessed  da ta  was 24 
hours .  These data  were examined  and  analyzed i n  o r d e r  t o  d e t e r m i n e  
optimum f r e q u e n c i e s  a n d  e f f e c t i v e  e x c i t a t i o n  s t a t i o n s  f o r  s u b s e q u e n t  
narrow band modal tuning and modal dwell  tests.  
I 
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4 . 3 . 2 . 3 . 2  Test  Techniques Narrow Band Modal Tuning - Wide band 
sweep d a t a  were examined f o r  s e l e c t i o n  o f  a resonant frequency, and an 
optimum shaker  conf igura t ion  (based  upon observed eff ic iency in  the wide 
band  sweeps).  The la rges t   quadra ture   va lue   governed   the   se lec t ion   of   the  
r e f e r e n c e  exciter and i t s  a s soc ia t ed   i npu t   acce l e romete r .  The r e f e r e n c e  
exciter was brought up t o  a p r e s e l e c t e d  f o r c e  v a l u e .  The fo rc ing  func t ion  
w a s  then tuned over a narrow frequency band i n  o r d e r  t o  o b t a i n  t h e  d e -  
s i r e d  90 degree  phase  sh i f t  be tween force  and  the  loca l  input  accelera- 
t i o n  as  i n d i c a t e d  by a L i s s a j o u s  f i g u r e  d i s p l a y .  When the master shaker 
fo rce -acce le ra t ion  r e l a t ionsh ip  had  been  op t imized ,  a second shaker w a s  
energized.   This   procedure was r e p e a t e d  u n t i l  a l l  shakers  of  the  p re -  
se lec ted   a r ray   had   been   ac t iva ted .   Frequency   tun ing ,   and   ad jus tments  
of  force  and  phase  re la t ionships  among t h e . v a r i o u s  s h a k e r s  were repea ted  
u n t i l  t h e  optimum f o r c e - a c c e l e r a t i o n  r e l a t i o n s h i p s  were ob ta ined  fo r  a l l  
o f  t he  L i s sa jous  pa t t e rns  (up  to  twe lve  were d i s p l a y e d  o n  t h r e e  o s c i l l o -  
scopes) .   Concurren t   wi th   the   L issa jous   pa t te rn   tun ing   procedures ,   th ree  
computer controlled Houston Instrument (HI)  Model DP-1 d i g i t a l  p l o t t e r s  
descr ibed  the  acce lerometer  co-quad  response  curves  for  th ree  prese lec ted  
acce le romete r s   i n  real  time. I te ra t ive   ad jus tments   o f   force ,   phase ,   and  
frequency among a l l  o f  t he  shake r s  were c o n t i n u e d  u n t i l  a maximum quad- 
r a t u r e  combined wi th  the  bes t  co-quad  re la t ionship  was obtained.  
The mul t ip l e  shake r s  were swept across a two o r  t h r e e  h e r t z  band 
center ing   about   the   resonant   f requency .  Co-quad p l o t s  were produced  for 
var ious  combina t ions  of  forces  and  acce lerometers  to  assure  optimum  modal 
tuning.  
When t h e  f o r c e  d i s t r i b u t i o n  was judged t o  i n d i c a t e  a cond i t ion  o f  
modal   resonance ,   the   forc ing   a r ray  was abrupt ly   t e rmina ted .  The decaying 
o u t p u t  s i g n a l s  o f  16 prese lec ted  acce lerometers  were recorded on 
o s c i l l o g r a p h  r e c o r d s .  Twelve  of t he  16 accelerometers  were recorded on 
analog magnetic tape f o r  later da ta  process ing  atM"M. 
I f  examinat ion  of t h e  modal decays revealed freedom from frequency 
b e a t i n g ,  t h e  f o r c i n g  d i s t r i b u t i o n  was r e i n s t a t e d  and the AMTAS d a t a  
a c q u i s i t i o n  f u n c t i o n  i n i t i a t e d .  Once a c t i v a t e d ,  AMTAS c o l l e c t e d  a l l  
p e r t i n e n t  d a t a ,  s t o r e d  t h e s e  d a t a  on d i s k  and produced these data on 
punched ca rds .  AMTAS computed raw co-quad  data   for  200 servo-accelero-  
meter pos i t i ons ,  and  p rov ided  these  on  t abu la r  p r in tou t .  Raw data   were 
t r ans fo rmed  to  the  model  node poin ts ,  normal ized ,  and  the  genera l ized  
mass was computed  and l i s ted .  Normal ized  def lec t ions  were computed  and 
p l a n a r  d e f l e c t i o n  p l o t s  d i g i t a l l y  p r o d u c e d  f o r  a l l  o f  t he  200 acce le ro -  
meter l o c a t i o n s .  Modal o r t h o g o n a l i t i e s  were computed  and l i s t e d .  
Examina t ion  o f  t he  decays ,  de f l ec t ion  p lo t s ,  and  o r thogona l i ty  
l i s t ing  provided  an  assessment  of  the  degree  of  modal  pur i ty  a t ta ined .  
Based upon t h i s  e v a l u a t i o n ,  a d e c i s i o n  t o  r e t u n e  o r  move on t o  a n o t h e r  
frequency was e f f e c t e d .  
I 
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4.3.2.3.3 Specimen Protection - The M A S  e x h i b i t e d  a n  e x t e n s i v e  
capab i l i t y  to .  p ro t ec t  t he  veh ic l e  f rom excess ive  fo rce  o r  mot ion  cond i -  
t i o n s .  A 16 channel   force  and 32 channel   accelerometer  summing d e t e c t o r  
moni tored  ac t ive  exc i te r  forces  and  24 c r i t i c a l  acce lerometer  loca t ions .  
Exceedance of prede termined  force  or  acce lera t ion  levels du r ing  tes t  
r e s u l t e d  i n  a u t o m a t i c  r e d u c t i o n  o f  i n p u t  f o r c e s .  I n  a d d i t i o n ,  20 s t r a i n  
gages located a t  c r i t i ca l  load  poin ts  on  the  DA and MDA docking tunnel  
were con t inua l ly  sampled  to  de t ec t  excess ive  stress. When any s t r a i n  
gage  channel  exceeded  prese lec ted  s t ra in  limits, automatic  abort  occurred.  
I n  a d d i t i o n ,  14 of  the  20 s t r a i n  g a g e s  were recorded  on  an  osc i l lograph  
du r ing  modal dwells ,  thus providimg a b a s i s  t o  i d e n t i f y  t h e  m a g n i t u d e  
and  location  of  any  over stress induced  during tes t .  Vertical o v e r t r a v e l  
i n  excess  o f  1.5 inches  in  any  o f  t he  f ive  t.est a r t i c l e  suspension a i r  
s p r i n g s  a l s o  t r i g g e r e d  a n  a u t o m a t i c  a b o r t .  
4 . 3 . 2 . 4  Test Desc r ip t ion  - The fol lowing test  d e s c r i p t i o n  g i v e s  
a de ta i led  account ing  of  o ther  test  a c t i v i t i e s ,  p r o b l e m s  a n d  s o l u t i o n s .  
4 .3 .2 .4 .1  AMTAS Checkout - P r i o r  t o  t es t ,  and a t  f r e q u e n t  i n t e r v a l s  
throughout  the test  program, the AMTAS system was e x e r c i s e d  t o  r e v e a l  
any   i ncons i s t enc ie s   o f  a hadware  or   sof tware  nature .   Hardware  and 
sof tware  anomal ies  revea led  dur ing  these  sys tem checks  and-cor rec ted  
were : 
a .  
b. 
C .  
d .  
Problem:  Narrow  band d i g i t a l l y   c o n t r o l l e d / a c q u i r e d  sweep 
co-quad p l o t s  d i s p l a y e d  s p i k e s  a t  0 . 1  H e r t z  i n t e r v a l s .  
Correct ion:   Loose  connect ion  within a module of   the  synthe-  
s i z e r  c o n t r o l l e r  was i d e n t i f i e d  and  co r rec t ed ,  r e su l t an t  co -  
quad p l o t s  were f r e e  f rom 0 .1  Her tz  repe t ive  sp ikes .  
Problem: On the   1 .43   Her t z   run   p l ana r   p lo t s ,   s eve ra l   s ingu-  
l a r i t i e s  incons i s t en t  w i th  the  da t a  t r end  appea red .  
Correction:  Sequence  numbers  56,  62,  109  and 116 were checked 
f o r   o r i e n t a t i o n   o f   a x e s   o f   s e n s i t i v i t y   a n d   c a l i b r a t i o n .   S e -  
quence number 109 (SE 536-900-X) on   the   se rv ice  module (SM) 
forward  bulkhead was found t o  be  reading 20% h ighe r .  Th i s  
accelerometer  was r ep laced .  
Problem:  The uni ty   co-quad   p lo ts   ind ica ted  a p o l a r i t y  r e v e r s a l  
for  sequence number 138. 
Correct ion:  The  punched card   da ta   deck  was inspected.  I t  
was determined that  a negat ive instead of  plus  s ign had been 
punched  on the  sequence number 138  card.  The ca rd  was repunched 
w i t h  t h e  c o r r e c t  s i g n .  
Problem: A number of  dwells were aborted  due  to   exceedance 
o f  t he  va r ious  s t r a in  gage  limits. 
Correction: A DC o f f s e t  was d e t e c t e d  i n  t h e  s i g n a l  c o n d i t i o n i n g  
equipment which caused erroneous triggering of the force accel-  
e r a t i o n  summing d e t e c t o r .  The s i g n a l  c o n d i t i o n i n g  d e v i c e s  were 
c o r r e c t e d .  
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4 . 3 . 2 . 4 . 2  O.ther  Observed Test Malfunct ions - A s  i s  n a t u r a l  i n  a 
program of t h i s  s i z e ,  b o t h  human and machine malfunctions w i l l  occur .  
The-following circumstances were r e s p o n s i b l e  
t h i s  problem. 
Nature  of  Er ror  
Computer Core Dump Caused by 
S o f t w a r e  o r  P e r i p h e r a l  E r r o r  
AMTAS Con t ro l  (AMC) E r r o r  
Tektronix Beehive Mod M I  Alpha 
C r t  Malfunct ion 
Data Channel Dropout 
A i r  Sp r ing  Assembly  E lec t r i ca l  
S t r a i n  Gage Malfunct ion 
Wrong Accelerometer  Selected 
Transducer Malfunction on ATM A i r  
DC O f f s e t  i n  NEFF Ampl i f ie r  
Mispatched False Accelerometer 
P l o t t e r  S c a l i n g  F a c t o r  I n c o r r e c t  
Inco r rec t  Acce le romete r  Iden t i f i ca -  
Data  not  Retr ievable  f rom Core 
I n c o r r e c t  Computer Inpu t s  
Frequency  Synthes izer  Fa i lure  
Stinger Resonance 04H 
Master Attenuator  Operator  and 
Synchon E r r o r s  or Malfunct ions 
Loose Ground Wire on Shaker 04H 
Program Update Problem - Computer 
L i n e  P r i n t e r  F a i l u r e  
Scanner  Channel  In te rpre ta t ion  
F a i l u r e  
Spring Assembly 
L i m i t s  
t i o n  Numbers on P l o t t e r s  
Funct ional  Malfunct ion 
(Se lec t ion  of  Incor rec t  Channels )  
Overtravel  Switch 
Software 
Malfunct ions 

























In  cons idera t ion  of  the  scope  and  complexi ty  of  the  overa l l  p ro jec t ,  
bo th  human errors and equipment malfunctions represented a very  miniscule  
f r a c t i o n  o f  t h e  o v e r a l l  t e s t i n g  p r o c e s s .  
4 . 3 . 3  Alternate  Test  Approach - The  following tes t  o u t l i n e  f o r  
f u t u r e  tes t  a p p l i c a t i o n  is submi t t ed  fo r  review and represents  some 
ref inementfrom the Skylab tes t .  Each tes t  a c t i v i t y  i s  preceeded  by a 
s ta tement  of  the  purpose  of  the  t e s t ,  which i s  then followed by the 
necessary data  requirernencs.  
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Purpose: 
A c t i v i t y :  
To de t e rmine  the  fo rce  and  phase  d i s t r ibu t ion  necessa ry  to  
f i n e  t u n e  p r e s e l e c t e d  modes. 
Wide band sweeps should  be  conducted  wi thout  res t r ic t ing  the  
number o f  s imul t aneous  shake r s  o r  r equ i r ing  cons t an t  fo rce  
i n p u t .  The fol lowing  information i s  required  f rom pretest 
ana lys i s  fo r  each  wide  band sweep 
(1) frequency  range 
(2)  number of   shakers ,   locat ion  and  phasing  requirements  
( 3 )  s e l e c t e d  mode f r equenc ie s  
( 4 )  mode shapes 
(5) maximum i n p u t   f o r c e   d i s t r i b u t i o n   a n d   r e f e r e n c e   f o r c e  
( 6 )  minimum ins t rumen ta t ion   r equ i r emen t s   fo r   s e l ec t ed  mode 
s h a p e  i d e n t i f i c a t i o n  
Minimum Data 
Requirements: (1) CO/QUAD p l o t s   a n d   t a b u l a t i o n s  
(2) fo rce   ampl i tude   p lo t s   and   t abu la t ions  
Notes: 
Purpose: 
A c t i v i t y :  
1. I f  l i n e a r i t y  d a t a  i s  r e q u i r e d ,   a d d i t i o n a l   w i d e  band sweeps 
should be conducted using constant  ampli tude control .  
2 .  I f  s e l e c t e d  modes are n o t   i d e n t i f i e d  by t h i s   t e c h n i q u e ,  
i t  may be necessary  to  change  shaker  loca t ions  and/or  
s e l e c t  a d d i t i o n a l  s h a k e r s  t o  s u p p r e s s  coupled  modes. 
FINE T U N I N G  MODES 
To f i n e  t u n e  s e l e c t e d  modes;  and t o  a c q u i r e  d a t a  i d e n t i f y i n g  
each tes t  mode f o r  c o r r e l a t i o n  w i t h  t h e  a n a l y t i c a l  model. 
Per form f ine  tun ing  by quadrature  peaking and acquire  dwell ,  
narrow  band sweep,  and  decay  data   for   each mode.  The follow- 
ing  informat ion  i s  required from wide band sweep da t a  fo r  each  
mode p r i o r  t o  tuning 
(1) shaker   force   d i s t r ibu t ion   and   phase  
(2)  mode frequency 
(3)  decay  measurements 
( 4 )  gene ra l  mode shape 
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The fo l lowing  ver i f ica t ions  should  be  made f o r  e a c h  mode 
acqui red .  
Minimum Data 
Requirements: 
Notes : 1. 
l i n e a r i t y  c h e c k  
force ampli tude and frequency d r i f t  
(1) dwell CO/QUAD t a b u l a t i o n s  
(2) decay   da ta  
(3) narrow  band CO/QUAD p l o t s  a n d  t a b u l a t i o n s  f o r  e a c h  
mode r e q u i r e d  
If mode v e r i f i c a t i o n  i s  negat ive  i t  may be necessary t o  
r e t u n e  t h e  mode, u s ing  cons t an t  ampl i tude  con t ro l  and /o r  
f requency  cont ro l .  
4.3.3.1 Test  Comparisons  and  Conclusions - The foregoing tes t  o u t l i n e  
r e p r e s e n t s  a n  a t t e m p t  t o  r e f i n e  test  requi rements ,  wi thout  a f fec t -  
i n g  d a t a  q u a l i t y .  T h e s e  r e f i n e m e n t s  c o u l d  r e s u l t  i n  r e d u c e d  c o s t  a n d  
minimum schedule impact on similar test programs. 
Spec i f i c  d i f f e rences  in  the  fo rego ing  ou t l ine  and  the  Sky lab  pay load  




4 .  
5. 
more emphasis i s  p l aced  on  the  ana ly t i ca l  model i n  t h e  form of 
pre-test requirements;  
wide band sweeps of individual shakers can be  r ep laced  wi th  
mul t ip le  shaker  wide  band  sweeps; 
f i n e  t u n i n g  t i m e  can be reduced since wide band data would be 
more r e p r e s e n t a t i v e  o f  ac tua l  t un ing  cond i t ions  and  a l so ,  
r e q u i r e s  less d a t a  i n t e r p r e t a t i o n  t h a n  t h e  s i n g l e  s h a k e r  
data  approach;  
the need for  a t o t a l l y  a u t o m a t e d  c o n t r o l  a n d  d a t a  a c q u i s i t i o n 1  
r educ t ion  sys t em can  be  op t iona l ;  
d a t a  r e d u c t i o n  r e q u i r e m e n t s  c a n  b e  k e p t  t o  a minimum. 
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4.4 PHASE I11 ADDITIONAL I U  ACOUSTIC  TESTS 
Due t o  d i f f e r e n c e s  i n  t h e  r e s p o n s e  o f  t h e  FCC mass mock up when 
compared with the FCC Proto type ,  MSFC au thor i zed  add i t iona l  Acous t i c  
t e s t i n g  o n  t h e  I U .  T h i s  s e c t i o n  will d i s c u s s  t h e  o b j e c t i v e s ,  summarize 
the tests and make some conclusion based on the test r e s u l t s .  D e s c r i p -  
t i ons  o f  test requirements ,  test f a c i l i t i e s ;  C o n t r o l  and Data'Systems, 
and Instrumentat ion summary will be omitted since they have not changed 
from the previous I U  Acous t ic  Tes ts .  Tes t  descr ip t ions  have  a l so  been  
previously summarized and appear i n  T a b l e  4 .1  as PA-042 through PA-047. 
4.4.1 Tes t  Ob iec t ives  - The fo l lowing  ob jec t ives  were decided 
upon f o r  t h e s e  tests:  
a. de t e rmine  the  e f f ec t  o f  t he  25 Hz horn upon I U  v i b r a t i o n  
responses;  
b. determine i f  t h e  s u b s t i t u t i o n  o f  a pro to type  FCC i n  t h e  I U  
f o r  a mass mock-up FCC s i g n i f i c a n t l y  c h a n g e d  v i b r a t i o n  re- 
sponse levels measu red  du r ing  the  p rev ious  acous t i c  t e s t ing .  
In  addi t ion ,  conduct  s ine-sweep tests t o  a s s e s s  t h e  modal 
densi ty  of  the reverberant  chamber .  
4.4.2 Test Summary - Three random acoustic runs were conducted 
d u r i n g  t h i s  i n v e s t i g a t i o n .  The f i rs t  run  was conducted  for  the  purpose  
of  ob ta in ing  I U  response  da ta  wi th  a pro to type  FCC i n s t a l l e d  i n  t h i s  I U .  
Data  from th i s  run ,  a long  wi th  p rev ious ly  ob ta ined  da ta ,  a l l owed  a com- 
par ison of  the FCC-prototype response data  to  the mass mock-up response 
da t a .  Run  PA-A-043 sub jec t ed  the  t es t  a r t i c l e  t o  a n  e n v i r o n m e n t  repre- 
s e n t i n g  t h e  l o c a l  I U  l i f to f f   envi ronment .   Cont ro l   ins t rumenta t ion   and  
horn /modula tor  se lec t ion  and  programing dupl ica ted  tha t  used  dur ing  the  
previous I U  l i f t o f f  a c o u s t i c  tes t  (PA-A-040). 
The second run was conducted for  the purpose of  obtaining a set  
of I U  response data  with the 25 Hz horn  deac t iva ted .  After d e a c t i v a t i n g  
the  25 Hz horn, two 50 Hz horns were programmed to  produce  the  low f re -  
quency  environment  normally  produced  by  the  25 Hz horn.  PA-A-044 a l s o  
sub jec t ed   t he  tes t  a r t i c l e  t o  t h e  I U  l i f toff   environment .   Comparison 
of  the  da ta  obta ined  dur ing  th i s  run  to  da ta  obta ined  dur ing  PA-A-043 
e n a b l e d  d a t a  a n a l y s t s  t o  a s s e s s  a n y  e f f e c t  o f  t h e  25 Hz horn upon FCC 
and other  I U  responses .  
The t h i r d  r u n  (PA-A-045) was c o n d u c t e d  t o  o b t a i n  I U  responses  t o  
the  aerodynamic  environment. The horn/modulator  selection  and  programming 
dup l i ca t ed  tha t  u sed  du r ing  the  p rev ious  I U  aerodynamic noise run (PA-A- 
041) wi th  the  minor  except ion  tha t  2-W- 100 rep laced  1-W- 100 i n  t h e  h o r n  
s e l e c t i o n .  
Although s l ight ly  higher  low-frequency sound levels  were produced 
i n  t h i s  r u n  series (PA-A-043 through PA-A-045) t h a n  o b t a i n e d  i n  t h e  
previous  comparable  run series (PA-A-040 and PA-A-041), the  d i f fe re .nces  
a re   w i th in   p re sc r ibed   t o l e rances   and   a l lowab le  limits. However, 
response data comparisons from these two run series r e q u i r e d  c a r e f u l  
a d j u s t m e n t s  t o  e l i m i n a t e  v a r i a t i o n s  r e s u l t i n g  f r o m  t h e s e  d i f f e r e n c e s .  
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I n  o r d e r  t o  assess t h e  r e v e r b e r a t i o n  chamber c h a r a c t e r i s t i c s  w i t h  t h e  
test  a r t i c l e  i n  p l a c e ,  two sine-sweep  runs were conducted. A s p e c i a l  
closed-loop system (very similar t o  t h a t  u s e d  f o r  modal v i b r a t i o n  
e x c i t a t i o n )  w a s  u s e d  t o  c o n t r o l  t h e  SPL a t  t h e  t h r o a t  of t h e  25-Hz 
h o r n . t o  a cons t an t  l eve l .  A n  i n i t i a l  sweep was made t o  o b t a i n  i n s t r u -  
ment ranging  information.  The s inusoida l   sound  pressure  a t  t h e  25-Hz 
h o r n  t h r o a t  was va r i ed  ove r  a frequency range of 19.98 t o  99 Hz, and 
data  f rom a l l  microphones and accelerometers were recorded on run 
PA-A-047. Subsequent ly ,  da ta  process ing  was p e r f o w e d  t o  o b t a i n  p l o t s  
of  g’s  (peak)  versus  f requency  or  sound pressure i n  p s i  ( p e a k )  v e r s u s  
frequency. 
4.4.3 Conclusions  on  Additional I U  Tes t inq  - 
a. Assessment  of  the  sines weep Acoustic Data d i d   n o t   i n d i c a t e  
the presence of  any unusual  reverberant  chamber c h a r a c t e r i s t i c s  
b. FCC r e s p o n s e   d a t a   o b t a i n e d   a f t e r   t h e   i n s t a l l a t i o n   o f  She 
Pro to type  FCC showed a s i g n i f i c a n t  d e c r e a s e  i n  r e s p o n s e  
a t  55 Hz wi th  lesser changes a t  other  f requences below 
100 Hz. 
c .   Data   assessment   indicated  that  no s i g n i f i c a n t   c h a n g e   i n  
ST-124 responses  were produced by the  P ro to type  FCC in-  
s t a l l a t i o n  o r  h o r n  s e l e c t i o n  (25-Hz ve r sus  50” horns)  
I 
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5. DYNAMIC STRUCTURAL  MODEL VERIFICATION 
5.1  Pre-Test Modal V ib ra t ion  Analy& 
T h i s  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  o f  t h e  f i n a l  pre-test modal 
a n a l y s i s   f o r   t h e   C o n f i g u r a t i o n  6 (Orbit)  modal survey test. Config- 
u r a t i o n  6 i s  de f ined  a s  cons i s t ing  o f  t he  OWS Forward S k i r t  and Dome, 
I U ,  FAS, MDA, STS, AM, CSM, deployed DAY deployed ATM with folded ATM 
so lar  a r rays  and  labora tory  suspens ion  sys tems wi th  assoc ia ted  test 
f i x t u r e s .  The  modal da t a  p re sen ted  he re in  r ep resen t  t he  bes t  ava i l a -  
b l e  mass and s t i f f n e s s  r e p r e s e n t a t i o n  o f  the Configurat ion 6 Dynamic 
T e s t  A r t i c l e  (DTA). These  data were genera ted  pr imar i ly  for  the  pur -  
pose of providing a f i n a l  mass m a t r i x  f o r  u s e  i n  o n - s i t e  o r t h o g o n a l i t y  
checks  during modal su rvey  t e s t ing .  In  add i t ion ,  t hese  modal d a t a  w i l l  
a l s o  be  used i n  o n - s i t e  mode shape  comparisons  during  testing.  Figure 
5.1 shows the components of this configuration. 
5.1.1 Base  Ring  and  Base  Ring  Suspension  System  Structural  Models - 
The Base Ring Suspension System model i s  based on geometry and weight 
da ta  provided  informal ly  by NASAIMSC. Three a i r  s p r i n g s  are l o c a t e d  a t  
120 degree  intervals   around  the  Base  Ring.   Axial   spr ing  ra tes   for   each 
a i r  s p r i n g  a r e  b a s e d  on a na tura l  f requency  of 0.5 Hz and the suspended 
weight. The weight  suspended  by  the  three  Base  Ring a i r  s p r i n g s  d o e s  
no t  i nc lude  the  ATM o r  t he  CSM s ince  they  a re  each  suppor ted  by t h e i r  
own independent   a i r   suspension  systems.   Port ions  of   the   deployed DA 
weight were a l l o c a t e d  t o  two suspension systems, p e r  informal  discus-  
s ions  wi th  NASAIMSC. Seventy  percent  of  the  deployed DA weight was a l -  
located to the Base Ring Suspension System and the remaining 30 percent  
was a l l o c a t e d  t o  t h e  ATM Suspension  System. The t o t a l  suspended  weight 
a c t i n g  a t  the Base Ring Suspension System was  78,458 pounds, divided 
among t h r e e  s p r i n g s .  The l a t e r a l  pendulum s p r i n g s  were c a l c u l a t e d  
using this  weight  and a pendulum length  of  104  inches.  The f i n a l  s p r i n g  
r a t e s  were assembled  in to  three  3x3  grounded s t i f f n e s s  matrices, which 
were t h e n  r i g i d l y  t r a n s f o r m e d  t o  t h e  a f t  OWS Forward S k i r t  c e n t e r l i n e  
c o l l o c a t i o n  p o i n t  a t  s t a t i o n  3100, using a r ad ius  f rom the  cen te r l ine  
to   the  Base  Ring  suspension  points   of   154.73  inches.   Final ly ,  a nega- 
t i v e  s p r i n g  c o n s t a n t  o f  -16.8118 x lo6 inch-poundlradian was added 
d i r e c t l y  t o  the Qy and 8, degrees of freedom a t  s t a t i o n  3100 t o  ac- 
count  for  the  inver ted  pendulum effect  of  the weight  supported by the 
Base Ring Suspension System. This  negat ive spr ing constant  was calcu-  
l a t ed  us ing  an  e s t ima ted  CG l o c a t i o n  a t  s t a t i o n  3314.28 f o r  t h e  sup- 
ported weight.  
5 .1 .2  OWS Forward S k i r t ,  Dome and I U  S t r u c t u r a l  Models - The OWS 
Forward S k i r t  S t r u c t u r a l  Model (see F igure  5 .2) i s  based on the  OWS 
s t i f f n e s s  d i s t r i b u t i o n  t a k e n  f r o m  t h e  NASA memorandum, "Change t o  AAP-1 
S t r u c t u r a l  C h a r a c t e r i s t i c s , "  J. H. Farrow, 31 August  1970, No. S&E-ASTN- 
ADS-70-33. The OWS Forward S k i r t  i s  modeled  us ing  three  center l ine  
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c o l l o c a t i o n  p o i n t s  r e s u l t i n g  i n  a n  18x18 free-free stiffness matrix. 
The OWS Forward S k i r t  mass model w a s  suppl ied  by t h e  MMC Weights Group 
and consisted of three 6x6 matrices and combined t o  form an 18x18 mass 
matr ix .  The I U  S t r u c t u r a l  model is  based on the I U  s t i f f n e s s  d i s t r i b u -  
t i o n  s u p p l i e d  by NASA-MSFC i n  May 1970.  The I U  is modeled using two 
c e n t e r l i n e  c o l l o c a t i o n  p o i n t s  r e s u l t i n g  i n  a 12x12 f r e e - f r e e  s t i f f n e s s  
mat r ix .  The I U  mass model was supp l i ed  by the  MMC Weights Group i n  t h e  
form of two  6x6 mass matrices which were combined to  fo rm a 12x12 IU 
mass matrix.  A l l  mass d a t a  reflects DTA weights and c.g. 's  provided 
by NASA/MSFC . 
d a t a  
t i o n  
5.1.3 FAS S t r u c t u r a l  Model - The b a s i c  FAS mass and s t i f f n e s s  
used i n  t h i s  a n a l y s i s  was provided by McDonnell-Douglas Corpora- 
i n  T r a n s m i t t a l  Memorandum 646-E236-061471. I n  o r d e r  t o  be com- 
p a t i b l e  w i t h  t h e  I U  mode l ,  , an  equ iva len t  cen te r l ine  co l loca t ion  po in t  
was generated a t  t h e  I U  i n t e r f a c e  by r ig id ly  t r ans fo rming  the  sk in -  
l i n e  p o i n t s  p r o v i d e d  i n  t h e  o r i g i n a l  mass and s t i f f n e s s  a t  t h e  I U  
i n t e r f a c e .  The s k i n - l i n e  p o i n t s  a t  t h e  P a y l o a d  S h r o u d  i n t e r f a c e  on 
the  FAS were reduced  ou t  fo r  t h i s  v ib ra t ion  ana lys i s  because  they  w i l l  
no t  exper ience  any  dynamic  loads  o ther  than  the i r  own mass loading.  
'5.1.4 AM/STS/Truss S t r u c t u r a l  Model - Updated mass and s t i f f n e s s  
d a t a  were provided by McDonnell-Douglas. The AM/OWS dome be l lows  tor -  
s i o n a l  s p r i n g  was added  and  the  s t i f fnes s  matrix r e l i e v e d  t o  y i e l d  a 
6 1 x 6 1  f r e e - f r e e  s t i f f n e s s  matrix. Corresponding mass da ta  appears i n  
ED-2002-1326.  The model c o n s i s t s  of 4 AM tunnel  center l ine nodes and 
t h e  MDA/STS i n t e r f a c e  a t  6 degrees of freedom each, plus 6 t r u s s  N2 
b o t t l e s  a n d  t h e  4 T r u s s / F A S  i n t e r f a c e  p o i n t s  a t  3 degrees of freedom 
each. The  bellows/OWS-dome i n t e r f a c e  i s  rep resen ted   a s  one t o r s i o n a l  
degree of freedom a t  MMC Stat ion 2320.0 (see Figure 5.3) .  
5 . 1 . 5  MDA S t r u c t u r a l  Model - The MMC S t r e s s  Group suppl ied  a 
144x144 c o n s t r a i n e d  f l e x i b i l i t y  m a t r i x  f o r  t h e  MDA. After i n v e r t i n g  
t h e  f l e x i b i l i t y  m a t r i x  t o  o b t a i n  a s t i f f n e s s  m a t r i x ,  t h e  s t i f f n e s s  
ma t r ix  was c o l l a p s e d  t o  a 48x48 s t i f f n e s s  m a t r i x .  The  48x48 matrix 
was reduced to a 12x12 ma t r ix  by use  o f  r ig id  body t ransformat ions  
t o  o b t a i n  a c e n t e r l i n e  model  of t h e  MDA. The 12x12 m a t r i x  r e p r e s e n t s  
two g r i d  p o i n t s  (MMC s t a t i o n s  3605 and 3545) with six degrees  of  f ree-  
dom each. The  12x12 ma t r ix  was then  r e l i eved  wi th  respect t o  MMC s t a -  
t i o n  3441.765,  resu l t ing  in  an  18x18 f r e e - f r e e  s t i f f n e s s  m a t r i x .  
The MDA mass r e f l e c t s  a c t u a l  DTA weight and CG as  de te rmined  by 
the  MMC Weights  Group. The mass p r o p e r t i e s  f o r  t h e  STS/AM were up; 
d a t e d  t o  r e f l e c t  d a t a  p r o v i d e d  i n  a n  i n f o r m a l  memo from Paul Heaton, 
MDAC-East , t o  Wayne Ivey ,  NASAIMSFC, da ted  30 December 197 1. 
5.1.6 A x i a l  P o r t  S t r u c t u r a l  Model - The a x i a l  p o r t  s t r u c t u r a l  
model i s  massless  and consis ts  of  a 42x42 f r e e - f r e e  s t i f f n e s s  m a t r i x  




5 .1.7 Ax ia l ly  Docked CSM S t r u c t u r a l  Model - MMC rece ived  a  92x92 
s t i f f n e s s  m a t r i x  o f  t h e  t o t a l  CSM from North American (see Figure  5 . 4 ) .  
However, t he  DTA uses  a CSM which has been modified i n  two respects: 
1) t h e  f l i g h t  SM engine  and  be l l  was  removed  and rep laced  wi th  a spaced 
s t ack  o f  steel  p l a t e s  which approximately dupl icates  the weight  and CG 
of  the SM engine  and  engine  be l l ;  2) t he  DTA SM i s  a s t r i p p e d  down ver- 
s i o n  o f  t h e  f l i g h t  h a r d w a r e .  E x t e n s i v e  b a l l a s t  was added t o  t h e  SM and 
Cormnand Module i n  o r d e r  t o  ma tch  the  f l i gh t .  CSM t o t a l  mass, CG and r o l i  
i n e r t i a .  It i s  n o t  known whether the yaw and p i t c h  i n e r t i a s  of t he  DTA 
CSM a r e  s i g n i f i c a n t l y  d i f f e r e n t  from the CSM S t r u c t u r a l  Model u sed  fo r  
t h i s  a n a l y s i s .  It i s  a l s o  n o t  known whether  the DTA b a l l a s t  was a t t ached  
s o  a s  t o  i n c r e a s e  t h e  o v e r a l l  s t i f f n e s s  o f  t h e  SM. Since t i m e  and  funds 
d i d  n o t  a l l o w  g e n e r a t i n g  a new DTA CSM mass and s t i f fness  model ,  the  
f l i g h t  CSM mass and s t i f f n e s s  model was used with one change. The s t a c k  
of spaced steel  p l a t e s  u sed  on the  DTA t o  r e p r e s e n t  t h e  SM engine and 
b e l l  a r e  m u c h ' s t i f f e r  t h a n  t h e  e q u i v a l e n t  f l i g h t  e n g i n e  h a r d w a r e .  
Therefore , a r i g i d  t r a n s f o r m a t i o n  was  made t o  lump the  SM engine IILilss 
a n d  s t i f f n e s s  f o r m e r l y  c o l l o c a t e d  a t  s t a t i o n  3929.16 to  t h e  a f t  s t r u c -  
t u r a l  c o l l o c a t i o n  p o i n t  on the SM s t r u c t u r e ,  l o c a t e d  a t  s t a t i o n  3921.50 
(see Figure  5.4). 
5.1.8 ATM Spa r /Can i s t e r  S t ruc tu ra l  Model - The ATM Spar /Canis te r  
s t i f f n e s s  model was generated by the  MMC S t r e s s  Group (see Figure  5 .5). 
The mass model was generated by the  MMC Weight Group based on DTA weight 
da t a  supp l i ed  by NASA/MSFC i n  document %E-ASTN-SAE(71-48). 
5.1.9 ATM Gimbal Ring Assembly GRA S t r u c t u r a l  Model - The ATM GRA 
s t i , f f n e s s  i s  i n c l u d e d  i n  t h e  ATM Rack s t i f f n e s s  model ,  descr ibed  in  a 
l a t e r  s e c t i o n .  The mass m a t r i x  f o r  t h e  GRA s t r u c t u r a l  model was ca lcu-  
l a t e d  by the  MMC Weights group t o  r e f l e c t  a c t u a l  DTA weight and CG. 
This  6x6 CG mass ma t r ix  was transformed i n  a l e a s t - s q u a r e d  b e s t  f i t  
manner to  the  1 2  t rans la t ion  degrees  of  f reedom ass igned  to  the  four  
launch lock nodes on the  ATM Spar /Canis te r  mass model. 
5 .1.10 ATM Solar  Array5,- Stowed (ATM-SAS) S t r u c t u r a l  Model - The 
ATM-SAS s t r u c t u r a l  model was updated from a reduced 52x52 s t i f f n e s s  
mat r ix  suppl ied  by Sperry Rand Space Support Division i n  t r a n s m i t t a l  
memorandum SP-232-0579. A corresponding 52x52 d iagonal  mass matr ix  
was a l s o  s u p p l i e d .  The ATM-SAS model inc luded  the  ATM-SAS backup 
s t r u c t u r e  . 
One v i b r a t i o n  a n a l y s i s  of t he  ATM-SAS s t r u c t u r a l  model was per- 
formed, i n  t h e  ATM-SAS l o c a l  c o o r d i n a t e s .  Then t h e  r e s u l t i n g  mode 
shapes  and  iner t ia  loading  mat r ices  were transformed by geometr ical  
t ransf  onnat ions  to  the  four  bays  of  the  ATM Rack.  Thus , the  DTA vi- 
b r a t i o n  model  assumes t h a t  t h e  f o u r  ATM-SAS p a n e l s  a r e  i d e n t i c a l .  
However, the  DTA has  one  f l i gh t  ve r s ion  pane l ,  one  p ro to type  f l i gh t  
panel,  and two mass simulated ATM-SAS panels .  By d e f i n i t i o n ,  t h e  A T "  
SAS v i b r a t i o n  a n a l y s i s  s t r u c t u r a l  model shou ld  r ep resen t  t he  f l i gh t  and  
prototype ATS-SAS panels  used on the  DTA. However, the  two mass simulated 
panels used on t h e  DTA ATM w i l i  n a t u r a l l y  e x h i b i t  a d i f f e r e n t  dynamic 
response  than  predic ted  by t h i s  v i b r a t i o n  a n a l y s i s .  
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5.1.11  Deployed ATM Rack S t r u c t u r a l  Model - The deployed ATM 
S t r u c t u r a l  Model i s  based on a 160x160 f r e e - f r e e  s t i f f n e s s  m a t r i x  p r o -  
vided by the  MMC S t r e s s  Group i n  J a n u a r y  1971. This stiffness ma t r ix  
was c o l l a p s e d  t o  a 96x96 free-free s t i f f n e s s  matrix. The r o l l e r s  and 
l o c k s  s t i f f n e s s e s  were added and the entire Gimbal Ring Assembly s t i f f -  
ness  matrix was r educed  to  s ix  deg rees -o f - f r eedom a t  t he  cen te r .  The 
s p a r / c a n i s t e r  i s  cons ide red   t o  be r i g i d .  The four   undeployed  solar  
a r r a y s  were a l s o  c o n s i d e r e d  t o  be r i g i d .  The ATM mhss model was pro- 
vided by the  MMC Weights  Group  and  formed i n t o  a 96x96 mass matr ix .  
The masses . for  the  four  undeployed  so lar  a r rays  were r i g i d l y  t r a n s -  
formed t o  t h e  s i x  c o l l o c a t i o n  p o i n t s  on t h e  a p p r o p r i a t e  ATM bays re- 
s u l t i n g  i n  f o u r  18x18 s o l a r  a r r a y  mass matrices which were added t o  
the  96x96 ATM mass matr ix .  The ATM Rack mass model was updated by the  
MMC Weights Group t o  r e f l e c t  a c t u a l  DTA weight and CG d a t a .  
5.1.12 .Deployed DA S t r u c t u r a l  Model - The deployed DA s t r u c t u r a l  
model i s  based on a 63x63 mass and s t i f f n e s s  m a t r i x  p r o v i d e d  by McDonne11- 
Douglas Corporation Transmittal  Memorandum 646-E236-070771. 
5 .1 .13 ATM Suspension  System  Structural  Models - Conf igura t ion  6 
i s  suspended by a i r  s p r i n g s  i n  t h e  a x i a l  d i r e c t i o n  a t  f i v e  l o c a t i o n s .  
T h r e e  o f  t h e s e  a r e  l o c a t e d  a t  120 degree intervals  around the Base Ring.  
The CSM i s  suspended from the a f t  SM s t r u c t u r e  w h i l e  t h e  ATM i s  suspended 
a t  Bay 2. The point of suspension on the ATM was cons ide red  to  be d i r e c -  
t l y  over  the ATM c e n t e r  o f  g r a v i t y .  A x i a l  s p r i n g  r a t e s  f o r  e a c h  o f  t h e  
f ive suspension locat ions are  based on a na tura l  f requency  of  0.5 Hertz  
and   t he   suspended   we igh t .   I n   add i t ion   t o   t he   ax ia l   sp r ings ,   r e s to r ing  
fo rces  due  to  pendulum a c t i o n  were s imulated by a d d i n g  l a t e r a l  s p r i n g s  
i n  b o t h  l a t e r a l  a x e s  a t  t h e  p o i n t s  of  suspens ion .  For  smal l  def lec t ions ,  
t h e  l a t e r a l  s p r i n g  r a t e s  a r e  e q u a l  t o  t h e  s u s p e n d e d  w e i g h t  d i v i d e d  by t h e  
pendulum length  of  each  ind iv idua l  suspens ion  poin t .  The f i n a l  s p r i n g  
r a t e s  were a s sembled  in to  f ive  3x3  grounded s t i f f n e s s  m a t r i c e s .  The 
s t i f f n e s s e s  f o r  t h e  t h r e e  Base Ring suspension points were r i g i d l y  t r a n s -  
formed t o  t h e  a f t  OWS Forward S k i r t  c e n t e r l i n e  c o l l o c a t i o n  p o i n t  a t  s t a -  
t i o n  310Q.O.  The ATM s u s p e n s i o n  s t i f f n e s s  was t r ans fo rmed  in  a l e a s t -  
squares  manner  and  added t o  t h e  ATM s t i f f n e s s e s  a t  t h e  f o u r  c o r n e r s  o f  
Bay 2.  The CSM suspension system was added t o  t h e  CSM s t i f f n e s s  a t  
c e n t e r l i n e  s t a t i o n  3921.5.   Since  adequate  suspension  system  data were 
n o t  a v a i l a b l e  a t  the  time o f  t h i s  a n a l y s i s ,  t h e  pendulum length of  each 
suspens ion  poin t  was assumed t o  180 inches  and  the  rad i i  f rom the  center -  
l i n e  t o  t h e  Base Ring suspension points, were assumed t o  be 150 inches.  
Suspension System Structural  Model  was updated. The ATM updated weights 
and  geometry  data were suppl ied  informal ly  by NASA/MSC. The ATM suspen- 
s ion  sys tem was modeled a s  a double  pendulum similar  to  the basic  concept  
u sed  fo r  t he  CSM suspension system. The upper pendulum consists of only 
a s i n g l e  pendulum bar which i s  134.6 inches long and weighs 90 pounds. 
The lower end of  the bar  interfaces  a t  a t i e  poin t  node  loca ted  a t  
X 3668.10, Y = 0.0, Z = -219.20,  which i s  above  the CG of t h e  corn- 
bined ATM Rack, Spar  Canis te r ,  GRA and  the  four  ATM-SAS panels .  
From t h e  ATM Suspension System t i e  po in t ,  fou r  t u rnbuck les  (2 s h o r t  
and 2 long)  and  assoc ia ted  shackles  and  adapter  p la tes  car ry  the  suspens ion  
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sys tem load  to  the  four  corners  of  the  ATM Bay 2.  Local 2x2 s t i f f n e s s  
matrices f o r  e a c h  o f  t h e  f o u r  t u r n b u c k l e s  were ca lcu la ted  assuming tha t  
each was  a steel  bar  wi th  an  area of  0 .50 square inches.  Direct ion 
cos ine  t ransformat ions  were then  used  to  add  each  loca l  tu rnbuckle  
s t i f f n e s s  matrix to  those degrees-of-freedom of  the ATM Rack s t i f f n e s s  
matrix cor responding  to  the  appropr ia te  corners  of  Bay 2. 
The upper end of the pendulum bar i s  pinned to  the ATM a i r  s p r i n g  
beam and a i r  c y l i n d e r s .  The ATM a i r  s p r i n g  beam and cy l inders  are only 
a l lowed to  move v e r t i c a l l y  and have an approximate m.ving weight of 500 
pounds. The remainder  of  the ATM suspension hardware i s  i n v o l v e d  i n  
t h e  l a t e r a l  pendulum sp r ing  ca l cu la t ions ,  w i th  491 .3  pounds lumped a t  
the  t i e  po in t  node a t  s t a t i o n  3668.10 and another 121.35 pounds i s  
spread  out  to  the  four  corners  of  Bay 2 on the ATM Rack. 
The 0.5-Hz ATM v e r t i c a l   a i r   s p r i n g  i s  based on a v e r t i c a l  moving 
weight of 25,390.8 pounds, which includes 1185.9 pounds to represent 
30 percent of the weight of the deployed DA, s ince  on ly  70 percent  i s  
supported by the  Base  Ring  Suspension  System.  The  upper  pendulum 
l a t e r a l  s p r i n g s ,  a c t i n g  a t  t h e  t i e  point node, are based on the 491.3 
pounds  upper  pendulum  weight, lumped a t  t h e  t i e  point ,  p lus  24,399.5 
pounds fo r  t he  lower  pendulum. 
The lower pendulum s p r i n g s ,  a c t i n g  a t  t h e  combined CG of  the ATM/30 
percent  DA/lower p a r t  of ATM Suspension System, are based on 24,399.5 
pounds  and a lower pendulum length ( t i e  p o i n t  t o  CG) of 122.77 inches. 
There i s  no s u b s t a n t i a l  ATM r a c k  s t r u c t u r e  a t  t h e  combined CG l o c a t i o n  
(X = 3545.33, Y = 0.0, 2 = -219.20) so t h e  l a t e r a l  l o w e r  pendulum sp r ings  
were t ransformed in  a r i g i d  body manner to  the  l a t e ra l  deg rees -o f - f r eedom 
a t  t h e  f o u r  c o r n e r s  of Bay 2 and of Bay 6.  
A check  v ib ra t ion  ana lys i s  was a l s o  made of  the  f ree- f ree  ATM rack ,  
mass loaded with the ATM Spar ICanis te r ,  GRA and four ATM Solar  Arrays,  
and grounded by the  ATM suspension system mass and s t i f fnes s  mode l s .  
The r e s u l t i n g  f i rs t  s ix  r i g i d  body  modes a r e  t a b u l a t e d  i n  T a b l e  5.1. 
5.1.14 CSM Suspension System Structural  Model - The CSM Suspension 
System Structural  Model  was updated. The basic  suspension system model 
was changed from a s i n g l e  pendulum ana lys i s  w i th  a massless  suspension 
sys tem to  a  more r e a l i s t i c  d o u b l e  pendulum analysis  which included the 
weight  and i n e r t i a  added  by the  CSM Suspension  System.  Weight  and  geo- 
metry data were suppl ied  informal ly  by NASA/MSC. The CSM Suspension 
System consists of two 100 pound r i g i d  b a r s  95.8 inches long which are 
each pinned to  100 pound f i t t i n g s  on t h e  SM a f t  end.  These f i t t i n g s  
a c t   a t   s t a t i o n  3939.2 and a r e  c o n s i d e r e d  t o  b e  l o c a t e d  a t  +Y = 75.0, 
Z = 0.0. The upper end of each of t h e  r i g i d  b a r s  i s  p inned  to  a 150 
inch long crossbeam which rests on the  CSM plenum chamber a i r   c y l i n d e r s .  
The beam p lus  the  moving a i r  c y l i n d e r s  weigh approximately 600 pounds, 
with each of t h e  s ix  a i r  c y l i n d e r s  w e i g h i n g  23  pounds. A s i n g l e  0.5 
a x i a l  a i r  s p r i n g  a c t s  a t  t h e  c e n t e r  of the crossbeam, with a t o t a l  SUS- 
pended  weight .of 30,772  pounds, o f  which  29,772 i s  the  CSM. Because the 
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s ix  a i r  c y l i n d e r s  a r e  i n t e r c o n n e c t e d  t o  a common plenum chamber, there 
i s  no a i r  s p r i n g  r e s t r a i n t  due to  the  c rossbeam rocking  about  the  8,  
a x i s .  The mass and i n e r t i a  effects of  the  crossbeam  and a i r  c y l i n d e r s  
was accoun ted  fo r  by lumping the beam and a i r  c y l i n d e r s  t o  mass co l lo -  
c a t i o n  p o i n t s  a t  t h e  c e n t e r  of each a i r  c y l i n d e r  p l u s  t h e  c e n t e r  and 
ends  of  the  crossbeam. The v e r t i c a l  l i n k s  a n d  SM f i t t i n g s  were co l lo -  
c a t e d  a t  t h e  e n d s  of the crossbeam and a t  t h e  p i v o t  p o i n t  of t h e  f i t -  
t i n g s .  F i n a l l y ,  a r i g i d  body t ransformat ion  was w r i t t e n  t o  t r a n s f o r m  
a l l  of the suspension system mass c o l l o c a t i o n  p o i n t s  t o  t h e  a f t  end of 
t h e  CSM, a t   s t a t i o n  3921.50. 
La te ra l  uppe r  pendulum springs,  based on a pendulum length of 95.8 
inches ,  were assumed t o  a c t  a t  e a c h  o u t b o a r d  s u s p e n s i o n  f i t t i n g  of  the 
CSM. The ends  of  the  crossbeam were assumed f i x e d  i n  t h e  2 d i r e c t i o n .  
Each upper l a t e r a l  pendulum s p r i n g  c a r r i e d  one ha l f  o f  the  CSM weight 
p l u s  a SM s u s p e n s i o n  s y s t e m  f i t t i n g  p l u s  a load ce l l  plus one-half  of 
t h e  v e r t i c a l  s u p p o r t  b a r .  
The lower l a t e r a l  pendulum was considered to  extend from the sus-  
p e n s i o n  f i t t i n g  p i v o t ,  a t  s t a t i o n  3939.2, t o  t h e  CG of t he  CSM, a t  s t a -  
t i on  3791 .64 ,  fo r  a lower  pendulum length of  '147 -56 inches.  The lower 
pendulum weight was the  CSM weight.  The l a t e r a l  lower  pendulum s p r i n g s  
were r i g i d l y  t r a n s f o r m e d  t o  a c t  a t  t h e  two c l o s e s t  SM c e n t e r l i n e  s t ruc-  
t u r a l  n o d e s ,  l o c a t e d  a t  s t a t i o n s  3921.5  and  3766.50. A s i m i l a r  r i g i d  
body t ransformat ion  was used to t r ans fo rm the  uppe r  l a t e ra l  pendulum 
s p r i n g s ,  a c t i n g  a t  t h e  o u t b o a r d  SM s u s p e n s i o n  f i t t i n g s ,  t o  t h e  c e n t e r -  
l i n e  SM node a t   s t a t i o n  3921.5. 
A c h e c k  v i b r a t i o n  a n a l y s i s  was  made of t h e  f r e e - f r e e  CSM grounded 
by t h e  a i r  s p r i n g  and  the  double  pendulum  springs. The f irst  s i x  modes 
and frequencies  of  this  check run correspond to  a r i g i d  CSM r e s t r a i n e d  
by i t s  suspension  system.  These  f requencies   for   the CSM suspension 
s y s t e m  a r e  l i s t e d  a n d  i d e n t i f i e d  i n  T a b l e  5.2. 
5 .1 .15 Discussion of  Pretest  Model - The v i b r a t i o n  a n a l y s i s  re- 
f l e c t s ,  a s  c l o s e l y  a s  p o s s i b l e ,  t h e  p r o p e r t i e s  o f  t he  ac tua l  DTA. 
However, some d e f i c i e n c i e s  i n  t h e  model a r e  known t o  e x i s t  and a r e  
noted  as  fo l lows:  
a .  The f l i g h t  CSM s t r u c t u r a l  m o d e l ,  m o d i f i e d  i n  t h i s  a n a l y s i s  
t o  r e f l e c t  u s e  of a s imulated SM engine  and  engine  be l l ,  
would  be a reasonable  s imula t ion  of  the  ac tua l  DTA i f  f l i g h t  
type equipment and bracketry i s  used throughout the DTA CSM. 
However, u n l e s s  s u f f i c i e n t  c a r e  i s  e x e r c i s e d  i n  t h e  l o c a t i o n s  
and  method  of a t tachment  of a l l   b a l l a s t  used i n  t h e  DTA CSM, 
t h e  d e t a i l e d  dynamic  response  of  the  v ibra t ion  ana lys i s  model 
and the DTA c a n  b e  e x p e c t e d  t o  d i f f e r ,  p r i m a r i l y  a t  h i g h e r  
f requencies .  
b .  T h i s  v i b r a t i o n  a n a l y s i s  assumed t h a t  a l l  f o u r  ATM-SAS panels  
a r e  i d e n t i c a l  and a r e  r e p r e s e n t a t i v e  o f  f l i g h t  h a r d w a r e .  
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However, t he  DTA uses two ATM-SAS panels  which are  mass simulated 
bu t  no t  s t i f fnes s  s imula t ed .  Aga in  the  loca l  r e sponse  of t he  DTA 
and the  ana ly t ica l  models  can  be  expec ted  to  d i f fe r  womewhat, 
e s p e c i a l l y  a t  h i g h e r  f r e q u e n c i e s .  
c .  The ATM Ra-ck s t i f f n e s s  m a t r i x  i n c l u d e s  t h e  s t i f f n e s s  effects of 
a l l  f o u r  o u t r i g g e r s .  However, the out r igger   on  Bay 2 on the 
DTA i s  removed t o  make room f o r  t h e  ATM Suspension System hard- 
ware. The s t i f f n e s s  e f f e c t  o f  the  removed o u t r i g g e r  was no t  
subtracted from the ATM Rack s t i f f n e s s  matrix because the neces- 
s a r y  f r e e - f r e e  s t i f f n e s s  m a t r i x  f o r  a s i n g l e  o u t r i g g e r  was no t  
p r o v i d e d .   I n   a d d i t i o n ,   t h e   s t i f f e n i n g   e f f e c t   o f   t h e   o u t r i g g e r s  
i n  t h e  O r b i t  C o n f i g u r a t i o n  a r e  p r o b a b l y  n o t  s i g n i f i c a n t  compared 
t o  t h e  main s t ruc tu re  o f  t he  ATM Rack. 
The t o t a l  v i b r a t i o n  model con ta ins  630 ne t  d i sc re t e  deg rees  o f  
freedom.  Briefly,   the  coupled modes a n a l y s i s  was performed  as  follows: 
The CSM and CSM suspension system were modally coupled to the MDA/STS/AM 
which i n  t u r n  was modally coupled to the !Main Beam" c o n s i s t i n g  of the 
Base Ring Suspension System, Base Ring, OWS Forward S k i r t ,  IU and FAS. 
I n  a d d i t i o n ,  t h e  ATM Spar lCanis te r  and  the  four  ATM Solar  Arrays were 
modally coupled to the ATM Rack and GRA. The ATM Rack was modally coupled 
t o  t h e  Deployment  Assembly which, i n  t u r n ,  was modally coupled to the "Main 
Beam" a t  t h e  FAS i n t e r f a c e .  (It should  be  noted  that   the  FAS 02 tanks 
s t i f f n e s s  o r  mass were not  changed as  a r e s u l t  of the Launch Configuration 
modal t es t  which showed tha t  t hese  t anks  r e spond  ana ly t i ca l ly  a t  higher  
f requencies  than  the  tes t  a r t i c l e ) .  
The f i n a l  c o u p l e d  modes ana lys i s  con ta ined  208  modal degrees of 







ATM SAS, Bay 1 
ATM SAS , Bay 3 
ATM SAS , Bay 5 
ATM SAS,  Bay 7 
ATM Spar/Canis ter  
MDA/STS/AM 





















The above component cut-off  f requencies  insure accurate  coupled modes 
f o r  t h e  tes t  range of 0 t o  20 Hz. Degrees-of-freedom  and  location 
coordinates  for  the ten modal ly  coupled branches are  shown i n  T a b l e  5 . 3 .  
A. d e s c r i p t i o n  of t h e  f i r s t  78 modes o f  t he  ana ly t i ca l  model i s  provided 
i n  T a b l e 5 . 4  . The gene ra l i zed  mass c o n t r i b u t i o n  (GMC) f o r  t h e  t o t a l  
a n a l y t i c a l  model i s  p resen ted  in  Tab le5 .5 .  
I II 
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P r i o r -  t o  commencing t h e  s t u d y  t o  c o r r e l a t e  t h e  a n a l y t i c a l  and test 
modes, t h e  c o u p l e d  a n a l y t i c a l  modes were reduced  to  the  193 degrees  of 
freedom shown i n  T a b l e  5.3. The r e s u l t i n g  a n a l y t i c a l  modes were then  
re-normalized i n  t h e  same fash ion  and  wi th  the  same mass matrix a s  t h e  
test  modes.  The r e -no rma l i zed  ana ly t i ca l  modes were p l o t t e d  (two-dimen- 
s iona l )  and  GMCs were determined.  Table 5 - 4  c o n t a i n s  b r i e f  d e s c r i p t i o n s  
of t h e  f i r s t  s e v e n t y - e i g h t  c o u p l e d  a n a l y t i c a l  modes. The column  headed 
"Generalized Mass". i n  T a b l e  5.4 provides  an  ind ica t ion  of  the  adequacy  
o f  t he  r ep resen ta t ion  o f  t he  o r ig ina l  model by the reduced modes and 
reduced mass matr ix .  That  is, i f  t h e  r e p r e s e n t a t i o n  were e n t i r e l y  a d e -  
quate ,  the general ized masses  would  be u n i t y  f o r  e a c h  mode. A s  can  be 
seen ,  modes involv ing  the  ATM components a r e  n o t  w e l l  represented  by t h e  
reduced  system.  This i s  a t t r i b u t a b l e  t o  a bas i c  l ack  o f  ATM inst rumenta-  
t i o n ,  r e s u l t i n g  i n  a n  i n s u f f i c i e n t  number of DOF's i n  t h e  ATM components. 
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Figure 5.5 ' Axially Docked CI;M 
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T a b l e   5 . 1  
IDENTIFICATION OF FIRST SIX NATURAL 
FREQUENCIES  FREE-FREE CSH ON DTA CSM SUSPENSION SYSTEM 




.1863 1s t simple pendulum mode, mostly 
Y motion. 
.1867 1st simple pendulum  mode, most ly  
2 motion 
.4363 8 r o t a t i o n ,  mode, due t o   p a i r  of 
l g t e r a l  pendulum s p r i n g s  a t  o u t e r  
s k i n .  
.4997 Axia l  mode, on 0.5 Hz a i r s p r i n g  
.69 25  2nd pendulum mode, Y d i r e c t i o n  
(p r imar i ly  8 r o t a t i o n  a b o u t  n e a r l y  
s t a t   t o n a r y  cE) 
.70 21  2nd pendulum  mode, 2 d i r e c t i o n  
(p r imar i ly  8 r o t a t i o n   a b o u t   n e a r l y  
s t a t i o n a r y  cE) 
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Table  5. 2 
IDENTIFICATION OF FIRST SIX NATURAL 
FREQUENCIES  FREE-FREE ATM ON DTA ATM SUSPENSION SYSTEM 














0 r o t a t i o n   w i t h  no r e s t r a i n t  
16t simple pendulum mode, p r imar i ly  
Y motion. 
1st simple pendulum mode, p r imar i ly  
Z motion. 
Ax ia l  mode, on 0 .5  Hz a i r  s p r i n g . *  
2nd pendulum mode, Y d i r e c t i o n  
(p r imar i ly  0 r o t a t i o n  a b o u t  n e a r l y  
s t a t i o n a r y  cE) 
2nd pendulum mode, Z d i r e c t i o n  
(p r imar i ly  0 r o t a t i o n   a b o u t   n e a r l y  
T, t a t   i o n a r y  cE> 
This check run was made without any weight from the deployed 
DA. However the CSM Suspension  System a i r  s p r i n g  i s  based 
on a suspended weight which includes 30 percent  of t h e  DA. 
Note tha t  the  4 th  coupled  mode f o r  t h e  t o t a l  DTA i s  a n  a x i a l  




ORBIT  CONFIGURATION MODAL SURVEY 
OEGREE OF FREEDOM TABLE F O R  MODE 'SHAPES AND DISCRETE MASS MATRIX 
NO. D X  
1 '  1 
2 7  
3 1 3  
4 19 
5 2 2  
6 2 5  
7 2 8  
8 3 1  
9 39 
10 37 
11 9 0  
12 4 3  
1 3  46 
14 4 9  
1 5  5 2  
1 6  55 
17 6 1  
I8 61: 
* 9  7 3  
2 0  79 
2 1  8 2  
2 2  85 
2 3  88  
24 91 
2 5  94 
2 6  97 
2 7  103 
2 9  1 0 9  
2 9  315 
3 0  1 2 1  
3 1  12Q 
3 2  1 2 7  
3 3  1 3 0  
34 1 3 3  
3 5  1 3 6  
3 7   1 4 2  
3 8   1 4 5  
3 9   1 9 8  
4 0  151' 
9 1   1 5 4  
42 1 5 7  
9 3   1 6 3  
44- 1 6 9  
415 1 7 5  
46 1 7 7  
4 7   1 7 9  
4 8  1 8 1  
4 R  1 8 3  
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5 3  
5 6  
6 2  
68 
7 4  
80  
8 3  
8 5  
92 
9 5  
98 
1 c 4  
110 
1 1 6  
1 2 2  
1 2 5  
1 2 8  
1 3 1  
1 3 4  
1 3 7  
1 4 0  
19J 
146 
1 4 9  
1 5 2  
1 5 5  
1 5 8  
1 6 4  
1 7 0  
1 7 6  
1 7 8  
1 8 f  
1 8 2  
1 8 4  
e9  
~ 
DZ T X  T Y  T I  
3 4 5 6 
9 10 11 12 
15 16   17  1 e  
2 1  
29 
2 7  
3 0  
33 
36 
3 9  
92 
4 5  
46  
5 1  
54 
57   58   9 60  
63  69 65 E 6  
6 9   7 0 7 1 7 2
75 76 77  78 
8 1  
89 
87 
9 0  
9 3  
9 6  
99 1 0 0   1 1   1 0 2  
105  C6  1 7 1 C B  
111 1 1 2  1 1 3  1 1 W  
1 1 7  118 1 1 9  12C 
1 2 3  
1 2 6  
1 2 9  
1 3 2  
1 3 5  
1 3 8  
1 4 1  
144 
1 4 7  
1 5 0  
1 5 3  
156 
1 5 9   1 6 0   1 6 1  1 6 2  
1 6 5   1 6 6   1 6 7   1 8  
1 7 1   1 7 2   1 7 3   7 4  
185 18G 187  R3 
NODE DEGREES OF FREEDOM 
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Suspension System (rigid body) Modes. 
F i r s t  X-Z plane bending about MDA/CSM I/F,  ATM rocking i n  X-Z plane 
out of phase with CSM. 
F i r s t  X-Y plane bending about MDA/CSM I/F,  ATM rocking  in  X-Y plane 
out of phase with CSM. 
F i r s t  X-Y plane bending about MDA/CS.M I /F ,  ATM rocking i n  X-Y plane 
in  ihase  wi th  CSM. 
F i r s t  X-Z plane bending about MDA/CSM I/F,ATM rocking i n  X-Z plane 
i n  phase with CSM. 
Veh ic l e  ro l l  and f i r s t  t o r s ion  coup led  wi th  X-Y plane f i r s t  bending 
about MDA/CSM I /F ,  ATM X-Y plane rocking i n  phase with top of CSM. 
Vehicle f i r s t  t o r s i o n  w i t h  CSM,  MDA/STS/AM ou t  of phase with FAS/IU/ 
OWS. Vehicle X-Y plane  bending. 
F i r s t  X-Z plane bending with ATM 2 motion i n  phase with top of CSM. 
ATM r ig id  ro t a t ion  abou t  X-axis coupled with some vehic le  X-Y plane 
ATP1 rigid rotation about X-axis coupled with vehicle X-Y plane second 
Vehicle X-Y plane second bending about CSM/MDA and STS/AM I/Fs,  ATM 
ATM Rack rotat ion about  Y ax is  wi th  vehic le  X-Z plane second bending. 
ATM Rack ro ta t ion  about  X ax is  wi th  vehic le  X-Y plane and some X-Z 
Vehicle X-2 plane second bending about CSM/MDA and STS/AM I/Fs.  
DA-EREP  mode i n  Z d i r ec t ion  wi th  some X motion. Small vehicle second 
GRA/Canister center  tors ion (rotat ion about  2). 
A R I  Solar Arrays mode (out of plane motions of a l l  f o u r  a r r a y s ) .  
DA-EREP mode i n  Y direction coupled with Y and Z motions of FAS tanks. 
ATM Solar Arrays mode (out of plane motions of a l l  four  arrays) .  
ATM Solar arrays out of plane motions coupled with DA-EREP Y motion 
ATM Solar Arrays mode (largely out of plane motions of panels 1 and 2 
second bending. 
bending about CSM/MDA and STS/AM I/Fs.  
X and Z ro t a t ions ,  GRA/Can Z rotation out of phase with ATM. 
plane second bending. 
S ign i f i can t  DA-EREP Z motion. 
bending i n  both planes. 
and FAS Tanks Y and Z motions. 
a r rays) .  
i 












































MDA/STS/AM and CSM rock?.r;lg and t r a m l a t i o n  ( l a r g e l y  i n  X-Y) about AM 
FAS Tanks Y' and Z motions, DA-EReP Y motion with some out  of  plane 
FAS Tanks Y and Z motions ( largely Tank 3 i n  Y and Tank 4 i n  'Z) 
V e h i c l e  f i r s t  a x i a l  mode ( l a rges t  mo t ions  in  CSM). 
S i m i l a r  t o  Mode 30 wi th  s l i gh t ly  sma l l e r  ax ia l  r e sponses .  
FAS Tanks Y and Z motions ( largely Tanks 1, 3 and 4). 
FAS Tanks Y and 2 motions ( largely Tanks 2 and 6 i n  Y and Tanks 1 and 
GRAfCanister Torsion (rotation about Z) , some FAS Tanks motions i n  
FAS Tanks Y and Z motions coupled with some rocking and t ranslat ion 
Vehicle second torsional mode with FAS tanks Y and Z motions (some X) 
t ru s ses  wi th  CSM bending about MDA/CSM I/F. 
motions of a l l  four ATM Solar  Arrays.  
5 i n  Z ) .  
Y and Z .  
of MDA/STS/AM about AM t russes  in  both  p lanes .  
Large ly  r ig id  t rans la t lona l  mot ion  of ATM i n  Z d i r e c t i o n  r e l a t i v e  t o  
I/F with DA. 
Rocking, translation, bending (X-Y plane)  and  torsion  of CSM, M D A f S T S f  
AM about AM t russes  coupled AM Tanks Y motions and FAS Tanks Z ,  Y 
and X motions. 
tanks X, Y and Z motions. 
Veh ic l e  th i rd  to r s iona l  mode W i t L  sane AM tanks Y motions and FAS 
Largely AM Tanks (+Z upper and lower tanks) with some FAS tanks motion 
i n  a l l  t h r e e  d i r e c t i o n s .  Some DA t runions Y and Z .  
Largely Y motions of AM Tanks (+Y upper a'nd lower tanks) , FAS t a n k s  i n  
a l l  t h r e e  d i r e c t i o n s  w i t h  l o c a l  d e f o r m a t i o n s  of ATM Rack.  Out of 
phase rocking of GRA/ean and Spar about Y a x i s .  
AM Tanks Y and Z motions,  Vehicle . third bending in X-Z plane. Out of 
phase rocking of GRA/Can and Spar abcut Y a x i s ;  
Vehicle X-2 p lane third bending with large X-Z plane shear motion a t  
ATM rocking about Y a x i s  w i t h  r e s p e c t  t o  DA i n t e r f a c e ,  GRlblCa?:. and 
CM/SM I/F.  
Spar out of phase X t r ans l a t ion  and  Y axis rocking. 
MODE 1 FREQUENCY, 1 GENERATATZED I 
??O . I Hz. MASS DESCRIPTION 








































































rocking about Z ax is  ( to rs ion) .  
plane third bending, GRA/Can rocking about Z .  
motions (largely Y) complex to r s ion  of e n t i r e  v e h i c l e ,  DA trunnions 
Y and Z motions. 
Largely DA trunnion Y and Z motions (mostly Z) wi th  X-Y plane vehicle 
third bending, some AM Tanks Y and Z motions. 
Largely AM Tanks Z motions. 
AT" Solar Arrays out of plane motions of a l l  f o u r  a r r a y s .  
ATM Solar Arrays out of plane motions of a l l  f o u r  a r r a y s .  
ATM Solar Arrays out of plane motions of panels 1 and 5 arrays.  
ATM Solar Arrays out of plane motions of panels 3 and 7 a r rays .  
AM Tanks Y motions (largely +Y upper and +Z lower tanks) with vehicle 
X-Y plane third bending. 
ATM rocking with respect  to  DA about Y ax i s  w i th  some ATM t r ans l a t ion  
i n  X d i rec t ion .  GRA/Can and Spar out of phase Y axis rocking. 
AM Tanks Z motions (largely. +Z upper and lower and -Z upper tanks) . 
AM Tanks Y motions (largely +Y upper a - , ?  lower tanks) . 
AM Tanks Z motions (largely +Z and -Z upper and lower tanks). 
AM Tanks Z motions (largely +Y and -Z lower tanks). 
ATM rocking about X a x i s ,  t r a n s l a t i o n  i n  Y. GRA/Can and Spar rocking 
ATM rocking about X and Y axes,  GRA/Can. and Spar rocking out of phase 
AM Tanks Y motions (largely +Z lower tank). 
ATM Solar Arrays out of plane motions of a l l  four  arrays.  
ATfl Solar Arrays out of plane motions of panels 1 .and 5 arrays.  
ATM Solar Arrays out of plane motions of a l l  f o u r  a r r a y s .  
ATM Solar Arrays out of phase motions of panels 3 and 7 .  Some GRA/ 
Can. and Spar out of phase X and Y ro t a t ions .  
Largely AM Tanks Z motisns (mostly +Y lower tank). 
FAS Tanks motions (mostly X ) ,  some AM Tanks Y motions. 
ATM rocking about X and Y axes, AM Tanks Y motions, some vehicle  X-Z 
Vehicle third bending in both planes (largely X-Y) , AM Tanks Y and Z 
out  of phase about X ax is .  
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b i t a l  Conf igu ra t ion  (DrA) Coupled Analytical Modes (Continued) 
DESCYIPTION 
" - 
FAS Tanks X motions, AN Tanks Y motions (mostly -2 lower tank). 
GRA/Can. and Spar nut of phase  t rans la t ions  i n  ii and ro t a t ions  abou t  
Y .  ATM Rack and CMGs X t r a n s l a t i o n .  
FAS Tanks X motions coupled with AM Tanks Y motions ( largely rZ lower 
tank) . 
+Y and -Y CMGs Y motions, +X  CMG X motion, -Y CMG r o t a t i o n  a b o u t  X, 
FAS Tanks X motions, AM Tanks Y motions. 
GRA/Can. and Spar out of phase rotat ions about  Y and t r a n s l a t i o n s  i n  
X and Y. -Y CMG Y motion, +X CMG r o t a t i o n  a b o u t  2. 
X motions of ATM Rack and CMGs, ou t  of phase ro ta t ions  about  Y. of 
GRA/Can. and  Spar. 
ATM rack  ro ta t ions  about  X and 2 w i t h  t r a n s l a t i o n  i n  2. GRA/Can. and 
Spar out of phase rotations about Y and 2. 
AM Tanks Y motions (almost a l l  -2 upper tank). 
Vehicle second axial  mode. 
ATM r ack  ro t a t ion  abou t  Y wi th  Y deformations. GRA/Can and Spar out 
of phase Y t r ans l a t ions  and  ro t a t ions  abou t  Y .  Some vehicle second 
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Table 5.5 
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Table 5.5 (CONTINUED) 
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5 .2   Discuss ion   of   Tes t  Modes 
T h i r t y  v a l i d  test modes were acqui red  dur ing  the Orbi ta l  Conf igura-  
t i o n  modal survey. A l i s t  of  these modes a r ranged  in  order  of  ascending  
f r equenc ie s  i s  presented  in  Table  5 .6. I t  w i l l  be  noted  tha t  tes t  run 
no. 400 has been deleted because i t  c o n t a i n e d  i n v a l i d  d a t a  i n  t h e  ATM 
a r e a  o f  t h e  s t r u c t u r e .  
It can  be  seen  in  Table  5 .6  tha t  twenty- f ive  unique  modes were ob- 
ta ined  ranging  in  f requency  f rom 0 .31  Hz through 17.01 Hz which represent  
a l l  the  major  resonances which could be ident i f ied in  the 0 t o  20 Hz test 
range. The remain ing   f ive  modes r e p r e s e n t  t h e  r e s u l t s  o f  e f f o r t s  t o  re- 
tune some of  the or iginal  modes to  y i e ld  be t t e r  o r thogona l i ty  be tween  
modes.  The reduct ion  and  normalizat ion  of   data ,  modal c h a r a c t e r i s t i c s  
and  pur i ty  of  the  Table  5 .6 modes are  discussed below.  
5 .2.1  Reduction  of  Data - Reduct ion of  data  consis ted of  " t rans-  
l a t ing"  the  acqu i r ed  quadra tu re  da t a  fo r  each  tes t  mode t o  s p e c i f i c  
c o l l o c a t i o n  p o i n t s  u s i n g  r i g i d  body or  " leas t  square"  mathemat ica l  
tr .ansformations.  The s p e c i f i c   c o l l o c a t i o n   p o i n t s   c o r r e s p o n d   t o   p o i n t s  
se lec ted  f rom the  pre tes t  modal v i b r a t i o n  a n a l y s i s .  The degrees  of 
f reedom corresponding to  the reduced data  and ident ical  to  the model 
DOF'S a r e  shown i n  Table 5 .3. It w i l l  be  noted that  the Table  5 .3  data  
def ine 193 reduced degrees  of  f reedom but  the or iginal  quadrature  test 
d a t a  were f o r  200 degrees  of  freedom.  This i s  expla ined  as  fo l lows:  
The s ix  acce lerometers  loca ted  on the outboard ends of t he  ATM o u t r i g g e r s  
were de le t ed  fo r  pu rposes  of d e f i n i n g  mode shapes.  The primary  purpose 
of these accelerometers  were t o  p r o v i d e  r e f e r e n c e  a c c e l e r a t i o n s  f o r  t h e  
s i x  f o r c e  s h a k e r s  l o c a t e d  on the   ou t r igge r s .  The out r igger   acce le rometers  
could  not  be u t i l i z e d  i n  a manner which would p rov ide  use fu l  add i t iona l  
shape   in format ion .   In   addi t ion ,   da ta   f rom  the   f ive   acce le rometers  lo- 
ca t ed  on the ATM C a n i s t e r  were d e l e t e d  ( t h r e e  on the sun end , two on the 
MDA end) .  Ins tead  o f  . de f in ing  Can i s t e r  mo t ion  sepa ra t e ly ,  a new s i x  de- 
gree  of  f reedom col loca t ion  poin t  was def ined a t  t h e  same geometr ical  
l o c a t i o n  as the  Spar   Center .   This   point  was de f ined  a s  the  GRA (Gimbal 
Ring Assembly)/Canister Center with motion given by the s ix  accelero-  
meters located  on  the GRA. The Spar  Center  po in t  has  f ive  degrees  of  
freedom defined by the  f ive  acce le romete r s  l oca t ed  on the top and bottom 
of  the  Spar.  The da ta  de l e t ions  men t ioned  above  to t a l  e l even  r e su l t i ng  
i n  189 basic  degrees  of  freedom.  Since  the ATM s o l a r  a r r a y  u n i a x i a l  
accelerometers  were mounted i n  t h e  p l a n e  of each  fo lded  a r r ay ,  t r ans -  
format ion  of  each  acce lerometer  to  launch  vehic le  coord ina tes  (X and Y) 
was necessa ry  r e su l t i ng  in  an  add i t iona l  fou r  deg rees  o f  f r eedom br ing ing  
t h e  t o t a l  f o r  r e d u c e d  d a t a  t o  1 9 3 .  
5.2.2 Normalization  of Data - Afte r  r educ ing  the  da t a  a s  desc r ibed  
above ,  t he  r e su l t s  were normalized to  a 193 by 193 d i s c r e t e  mass matrix. 
The no rma l i za t ion  was performed i n  a manner which  y ie lded  uni ty  genera l ized  
mass f o r  e a c h  mode. ' This  normalizat ion technique is  convenient  for  or thog-  
ona l i t y  ca l cu la t ions ,  de t e rmina t ion  o f  gene ra l i zed  mass c o n t r i b u t i o n s  (GMCs) 
and comparison with analysis.  The 193 by 193 mass matrix was derived from 
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a n a l y t i c a l  mass mat r ices  which were ava i l ab le  fo r  each  o f  t he  va r ious  
s t r u c t u r a l  components  comprising  the  analytical  model. The method f o r  
.der iv ing  the  mass matrix c o n s i s t e d  o f  s t a t i c  c o l l a p s e  o f  the  component 
matrices to  the 193 degrees  of  f reedom contained in  Table  5 .3. The 
r e s u l t s  were merged to  fo rm the  f ina l  193  by 193  matrix.  Subsequent 
ca l cu la t ions  invo lv ing  th i s  ma t r ix  and t h e  mode shape data has shown 
i t  t o  have  inadequa te  de f in i t i on  in  the  a rea  of the ATM. This  i s  a t -  
t r i b u t e d  t o  a bas i c  l ack  o f  de f in i t i on  o f  A’SM motion caused by the  l imi ted  
number of  acce lerometers  ava i lab le  for  use  on the ATM dur ing  t e s t ing .  
Since i t  i s  an extremely complex s t ruc ture ,  the  ins t rumenta t ion  requi red  
t o  d e f i n e  ATM motion adequately would have gone beyond p r a c t i c a l  l i m i t a -  
t i o n s  o r  r e s u l t e d  i n  s a c r i f i c e s  i n  o t h e r  i m p o r t a n t  a r e a s  o f  t h e  s t r u c t u r e .  
5 .2.3 Orthogonality of Test  Modes - In  o rde r  t o  de t e rmine  the  
r e l a t i v e  p u r i t y  of each test  mode and determine i f  a re-tuned mode y i e l d s  
a purer  mode than  the  or ig ina l  tuned  mode, o r thogona l i ty  ca l cu la t ions  were 
performed. The resu l t s   represent   the   s tandard  t r i p l e  matrix  product  of 
normalized modes and the kernel mass matrix described above. This triple 
mat r ix  product  y ie lds  a 30 by 30 symmetrical  orthogonality matrix con- 
t a i n i n g  a uni ty  d iagonal  wi th  the  of f -d iagonal  terms represent ing  the  
amount of i n e r t i a l  c o u p l i n g  between modes a s  a f r ac t ion  o f  t he  un i ty  
generalized  masses. When mul t ip l ied  by 100.0,  the numbers i n  t h i s  m a t r i x  
can be thought of as  percentages .  A summary of  the  data i s  shown i n  
Table 5.7. The Table 5.7 da ta   ind ica tes   genera l ly   exce l len t   o r thog-  
o n a l i t y  between  modes. Mode 15A exhib i t s  excess ive  coupl ing  wi th  o ther  
modes ( p a r t i c u l a r l y  Mode 14A) and i s  obviously not  well i s o l a t e d  enough 
t o  be c o n s i d e r e d  f o r  u s e  i n  c o r r e l a t i o n  s t u d i e s .  Mode  02A (suspension 
system mode) contains  apparent  bad d a t a  a t  two accelerometers on the 
Base Ring/OWS interface (sequence nos.  1 and 3) causing apparent coupling 
with  other  modes.  However, Mode  02A i s  a well-tuned mode. It should 
a l s o  be noted that mode  20A was not  well i so l a t ed  f rom mode 19A (32.4% 
coupling).  
I n  the  f ive  cases  of  re - tuned  modes, t he  o r thogona l i ty  r e su l t s  
show: 
a .  mode  06B i s  a purer  mode than 06A, 
b. mode  10A h a s  s l i g h t l y  h i g h e r  a v e r a g e  c o u p l i n g  b u t  s l i g h t l y  
lower s tandard deviat ion than mode 10B, and i s  t h e r e f o r e  
s l i g h t l y  more w e l l  tuned, 
c. mode  13B i s  purer  than mode 13A, 
d .  mode 1 8 A  i s  purer  than mode 1 8 B ,  
e. mode  22B i s  purer than mode  22A. 
Therefore,  modes 06B, 10A, 13B,  1 8 A  and 22B w i l l  be  used f o r  c o r r e -  
l a t i o n  s t u d i e s .  
5 .2 .4  Charac t e r i s t i c s  of T e s t  Modes - There are twenty-five  unique 
modes c o n t a i n e d   i n   t h e   t h i r t y  test runs   g iven   in   Table  .6. The unique 
modes a re  b r i e f ly  desc r ibed  in  Tab le  5 .8 .  Most of the  modes a r e  h i g h l y  
I 
. .  
5- 25 
cdupled modes involving motion throughout  the s t ructure  while  a f e w  do 
have  dominant  local  motions. CXCs based  on  the 193 by 193 d i s c r e t e  mass 
matr ix  were determined for  each of  the 193 degrees  of freedom contained 
i n  Table 5.3 f o r  e v e r y  test mode. I n  a d d i t i o n ,  GMCs for  the  major  com- 
ponents  comprosing the configurat ion were c a l c u l a t e d .  The major compo- 
nents  a re  cons idered  to  be  the  fo l lowing:  
a .  Base Ring/OWS Skirt/IU/FAS, 
b. 6-FAS 02 Tanks, 
c . MDA/STS/AM, 
d. 6-AM N2 Tanks, 
e. Counnand/Service  Module, 
f .  Deployment  Assembly, 
g. ATM Rack wi th  CMGs and Solar Arrays , 
h. ATM Spar, 
i . ATM GRA wi th  Canis te r .  
Table 5.9 shows a summary of GMCs f o r  e a c h  o f  t h e  t h i r t y  test modes a s  
a n  a i d  i n  d e t e r m i n i n g  t h e  g e n e r a l  n a t u r e  o f  t h e  tes t  modes. It should 
be noted that  the GMCs f o r  Mode  02A are  d is t r ibu ted  improper ly  due  to  
t h e  bad acce lerometer  da ta  prev ious ly  noted .  A r e d i s t r i b u t i o n  would 
show most  of  the M C  concen t r a t ed  in  the  X-Y Plane.  Two-dimensional 
p l o t s  f o r  e a c h  o f  t he  th i r ty  mode shapes  a re  p re sen ted  in  Volume 11. 
The Volume I1 plo ts  represent  the  t rans la ted  and  normal ized  test quad- 
r a   t u r e   d a t a  .
A s  opposed t o  t h e  Launch Configurat ion test modes, t h e  O r b i t a l  
Configurat ion tes t  modes do  no t  exh ib i t  l oca l  mo t ions  r e l a t ive  to  the  
var ious  component c e n t e r l i n e s .  However, these modes do  exhib i t  char -  
a c t e r i s t i c  l a r g e  r e l a t i v e  d e f l e c t i o n s  i n  most degrees of freedom i n  
the  CSM from the MDA interface forward through the CM/SM i n t e r f a c e .  
These  def lec t ions  occurred  in  the  suspens ion  sys tem modes (Modes  01A 
and 02A) a s  w e l l  a s  t he  h ighs r  f r equency  modes. 
5.3 Corre la t ion  of  Test Modes wi th  Ana ly t i ca l ly  P red ic t ed  Modes 
The following'paragraphs present the methods,  supporting data and 
t h e  r e s u l t s  of t h e  s t u d y  t o  c o r r e l a t e  t h e  test modes. 
5.3.1  Methods  of  Correlation - T e s t , a n d  a n a l y t i c a l  GMCs and two- 
dimensional mode shape  p lo ts  were compared. HOwever, s i n c e  t h e  O r b i t a l  
Configurat ion tes t  modes d i d  n o t  i n d i c a t e  s i g n i f i c a n t  l o c a l  d e f o r m t i o n  
which were not measured (as was n o t  t h e  c a s e  f o r  t h e  Launch Configuration) 
two suppor t ing  cor re la t ion  techniques  became a v a i l a b l e :  t h e  f i r s t  o f  
these i s  the cross-or thogonal i ty  check in  which a t r i p l e  matrix product 
i s  formed using the transpose of the normalized test modes a s  t h e  pre-  
m u l t i p l i e r  and the reduced set of normal ized  ana ly t ica l  modes as the 
post-mult ipl ier  of  the 193 x 193 mass matrix.  The r e s u l t s  o f  t h i s  t r i p l e  
product  conta ins  e lements  equal  to  or  less than  uni ty ,  ind ica t ing  the  de-  
gree  of  s imi la r i ty  be tween the  ana ly t ica l  modes and  the test modes. I f  a 
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g i v e n  a n a l y t i c a l  mode t e n d s  t o  c o r r e l a t e  w i t h  a given tes t  mode, t he  
c ross -or thogonal i ty  check  w i l l  i n d i c a t e  t h i s  by showing a c r o s s  GMC 
approaching uni ty .  The second addi t iona l  method c o n s i s t s  o f .  d e t e r -  
mining a b e s t  f i t  of  ana ly t ica l  and  test GMCs o v e r  t h e  e n t i r e  mode 
s h a p e  i n  a leas t - squares   sense .   This  i s  done by f i n d i n g ,  f o r  a given 
tes t  mode, the sum of  the squares  of  the differences between the.  t es t  
and a n a l y t i c a l  GMCs for  every degree of  f reedom. The a n a l y t i c a l  mode 
f o r  which t h i s  sum i s  a minimum w i l l  be the mode w h i c h  b e s t  f i t s  t h e  
tes t  mode GMC d i s t r i b u t i o n .  It should  be  'no ted  tha t  the  la t te r  methods  
a r e  employed o n l y  a s  a gu ide  to  co r re l a t ion  and  mus t  be used in  conjunc-  
t ion with direct  shape comparisons and engineering judgement.  
5 .3 .2   Corre la t ion   Resul t s  - Using  the  methods  outl ined  above, 
twenty-four of the twenty-five unique tes t  modes were c o r r e l a t e d  w i t h  
a n a l y t i c a l  modes. Mode 1 5 A  i s  no t  co r re l a t ed  due  to  poor  o r thogona l i ty  
c h a r a c t e r i s t i c s   d i s c u s s e d   i n   S e c t i o n   5 . 2 .   I n   g e n e r a l ,   t h e   c o r r e l a t i o n s  
a r e  q u i t e  c l e a r  except f o r  modes wh ich  con ta in  s ign i f i can t  FAS tanks 
responses which tend to make t h e  c o r r e l a t i o n  u n c e r t a i n  d u e  t o  t h e  known 
differences  between  the  analyt ical   and MIA FAS tanks.   Table 5.10  shows 
a summary of t he  co r re l a t ion  r e su l t s  fo r  t he  twen ty - fou r  un ique  tes t  
modes. Table 5 .ll presents  the  c ross -or thogonal i ty  and  leas t - squares  
GMC f i t  r e s u l t s .  The l a t t e r  t a b l e  shows both  the  "best"  and  ' 'next  best" 
cor re la t ions   us ing   these   methods .  It  can   be   seen   tha t   the  two methods 
a g r e e  i n  many cases .  
5.3.3 Discuss ion  of  Corre la t ion  R e s u l t s  - I n  most  cases,  mode 
s h a p e   c o r r e l a t i o n s   a r e   e x c e l l e n t .  However, as  Table  5.10  shows,  the 
t es t  and ana ly t i ca l  f r equenc ie s  va ry  in  ag reemen t .  Tha t  i s ,  i n  some 
c a s e s ,  f r e q u e n c y  d i f f e r e n c e s  a r e  s i g n i f i c a n t  w h i l e  i n  o t h e r  c a s e s  t h e y  
a r e  n o t .  F o r  f i r s t  v e h i c l e  b e n d i n g  modes, t h e  a n a l y t i c a l  f r e q u e n c i e s  
vary from 4.6 p e r c e n t  t o  18.1 percent  higher  than tes t  f r equenc ie s .  
The f i r s t  v e h i c l e  a x i a l  mode ana ly t i ca l  f r equency  i s  6 percent  h igher  
than tes t  while  the second vehicle  axial  mode ana ly t t ca l  f r equency  i s  
14.7 percent   h igher .  The f i r s t  v e h i c l e  t o r s i o n a l  mode a n a l y t i c a l  f r e -  
quency i s  almost  21  percent  lower  than tes t .  A l l  the  modes mentioned 
above  involve  s igni f icant  mot ions  throughout  the  en t i re  s t ruc ture .  
Hence, i t  i s  d i f f i c u l t  t o  d e t e r m i n e  w i t h  c e r t a i n t y  a t  t h i s  p o i n t  w h i c h  
ind iv idua l  components  conta in  model ing  def ic ienc ies  which  would . resu l t  
i n  t h e  above  f requency  differences.   In   most   of  the modes t h e r e  a r e  
s i g n i f i c a n t  r e l a t i v e  m o t i o n s  a c r o s s  t h e  CSM a x i a l  p o r t  a r e a  and across  
the CM/SM i n t e r f a c e .  Hence, t hese   a r eas   a r e   suspec t .  
The FAS oxygen  t anks  exh ib i t  r e sponse  cha rac t e r i s t i c s  s imi l a r  t o  
those  observed  during  the Launch Configurat ion tes t .  That i s ,  t he  
t a n k s  r e s p o n d  a n a l y t i c a l l y  a t  f r e q u e n c i e s  h i g h e r  t h a n  tes t  f r equenc ie s  
(see  Figures  5.6 through  5.8). 
The ATM model a p p e a r s  t o  c o r r e l a t e  w e l l  w i th  tes t  a l though there  
were  not  s ign i f icant  loca l  deformat ions  of t he  ATM i n  t h e  test  f r e -  
quency range. 
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It can  be  seen  in  Tab le  5.10 t h a t  t h e  v e h i c l e  s e c o n d  t o r s i o n a l  
mode obtained during tes t  (Mode 18A) i s  c o r r e l a t e d  w i t h  a n a l y t i c a l  mode 
39  which i s  a c t u a l l y  a t h i r d  t o r s i o n a l  mode. The ana ly t ica l  second 
t o r s i o n a l  mode i s  mode 36 which  occurs a t  10.28 Hz. However, the  mode 
39  co r re l a t ion  wi th  mode 18A i s  the  bes t  cor re la t ion  which  could  be 
found. The shape   d i screpancy   leads   one   to   suspec t   tha t   the   to rs iona l  
s t i f f n e s s  a c r o s s  t h e  CM/SM i n t e r f a c e  is  modeled t o o  s o f t l y .  The cor- 
r e l a t i o n  of t h e  v e h i c l e  f i r s t  t o r s i o n a l  mode a l s o  i n d i c a t e s  t h i s  appa- 
rent  model ing def ic iency.  
5.3.4 Conclusions - A s  a r e su l t  o f  eva lua t ing  the  Orb i t a l  Conf igu ra -  
t i o n  modal survey tes t  da t a  and  co r re l a t ing  these  da t a  wi th  the  bes t  
ava i l ab le  co r re spond ing  ana ly t i ca l ly  de r ived  da ta ,  t he  fo l lowing  con- 
c lus ions  were reached : 
a.   twenty-five  unique tes t  modes were acquired  which  represent 
a l l  i d e n t i f i a b l e  major  s t ruc tura l  resonances  in  the  0 t o  20 
Hz test frequency range; 
b: t h e  q u a l i t y  of the test modes i s  exce l l en t  w i th  on ly  one mode 
e x h i b i t i n g  p o o r  o r t h o g o n a l i t y  c h a r a c t e r i s t i c s ;  
c.  c o r r e l a t i o n s  of the  tes t  and a n a l y t i c a l  mode shapes  are   excel-  
l e n t .  However, some s i g n i f i c a n t  d i f f e r e n c e s  i n  t es t  and  analy- 
t i c a l  f r e q u e n c i e s  were noted and required fur ther ,  more d e t a i l e d ,  
s tud ie s  in  o rde r  t o  p inpo in t  t he  sou rces  of t hese  d i f f e rences .  
S t i f fness  model ing  in  the  a reas  of  the  CSM a x i a l  p o r t  and the  
CM/SM i n t e r f a c e  a r e  s u s p e c t e d  t o  be d e f i c i e n t ,  however,  due t o  
the  na ture  of the tes t  modes, o t h e r  s t r u c t u r a l  a r e a s  may be 
involved. 
I .I ,. . ,. , 
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Table 5.6  
SKYLAB ORBITAL  CONFIGURATION MODAL SURUEY. TEST 
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I N  ASCENDING FREQUENCY ORDER 
COMMENTS -"_"""""-.~""-""~"" 
RE-TUNE O F  MODE 06A 
RE- TUNE OF HODE 10A 
RE-TUNE OF MODE 1 3 a  
RE-TUNE OF MODE 18A 




































































Table 5.7 Summary of Test Modes Orthogonality Results 

































NO. OF MODES 
PERCENT COUPLING 
AVERAGE 































































































































































































































Table 5.8 Descriptions of Test Modes 
" 
DOMINANT CHARACTERISTICS 
Suspension system mode - l a rge ly  X-Z p lane  t rans la t ion  of  the  vehic le .  
Suspension system mode - l a rge ly  t r ans l a t ion  and  ro t a t ion  o f  t he  veh ic l e  i n  
the  X-Y plane. 
F i r s t  v e h i c l e  X-Z plane bending about the MDA/CSM in te r f ace  wi th  ATM X-Z 
plane rocking out of phase with CSM. 
F i r s t   v e h i c l e  X-Y plane bending about the MDA/CSM in te r f ace  wi th  AT"  X-Y 
plane rocking out of phase with CSM. 
F i r s t  v e h i c l e  X-Y plane bending about the MDA/CSM in t e r f ace  wi th  ATM X-Y 
plane rocking in  phase with CSM. 
F i r s t  v e h i c l e  X-Z plane bending about the MDA/CSM in te r f ace  wi th  ATM X-Y 
plane rocking in  phase with CSM. 
Vehicle r o l l  and f i r s t  t o r s ion  coup led  wi th  X-Y plane f i r s t  bending about 
MDA/CSM i n t e r f a c e  and ATM X-Y plane rocking in phase with top of CSM. 
F i r s t  v e h i c l e  X-Z plane bending about the MDA/CSM in t e r f ace  wi th  ATM Z 
motion i n  phase with top of CSM. 
F i r s t  v e h i c l e  t o r s i o n a l  mode with CSM and m/STS/AM out of phase with OWS/ 
.* IU/FAS. Large  torsional  motion  of CSM r e l a t i v e  t o  MDA. 
ATM ro ta t ion  about  X ax is  wi th  vehic le  X-Y plane second bending about the 
ATM ro t a t ion   abou t  Y ax is .  
Vehicle second X-Y plane bending about MDA/CSM and STS/AM in te r f aces  wi th  
Ve'ii.*cle second X-Z plane bending about the MDA/CSM and STS/AM in te r faces .  
FAS Tanks Y and Z motions coupled with OWS/IU/FAS rocking about the Base 
Ring i n  t h e  X-Z plane. 
V e h i c l e  f i r s t  a x i a l  mode. 
FAS tanks Y and Z motions, MDA/STS/AM X-Y plane motion. Some Y motions of 
Vehicle second torsional mode. 
Large Y motion of one AM tank (+Y, lower tank) with vehicle X-Y p lane  th i rd  
Large Y motion of +Y, upper AM tank and some Z motion of -Z, lower AM tank 
MDA/CSM and STS/AM i n t e r f a c e s .  
some FAS tanks motions in Y and Z d i rec t ions .  
both +$ AM tanks. 
bending. 




NO. Hz. NAME 
25 21A 14.55 
26 
16.53 24A 29 
16.20 23A 28 
15.40 22B 
30 2% 17.01 
- 
FREQUENCY 
Table 5.8 Descriptions  of Test Modes (Continued) 
1 
DOMINANT CHARACTERISTICS 
Large Y motion of +Y, upper AM tank coupled with vehicle X-Y plane third 
FAS tanks motions i n  a l l  t h r e e  d i r e c t i o n s ,  AM tanks motions in Y coupled 
FAS tanks motions i n  a l l  t h r e e  d i r e c t i o n s  ( d o s t l y  X) AM tanks Z motions, 
FAS tanks X motions with AM tanks Y motions. 
Vehicle second axial mode. 
bending. 
with vehicle  third bending in  the X-Y plane. 
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Table 5.10 Summary of Test  and hr la lyt ical  Modes Correlat ion 
I I -  1 
DOMINANT "TION 
Suspensio'n system mode, Rigid body 
t r a n s l a i i o n  i n  ille X-Z plane. 
Suspension sys tem mode. Rigid body 
t r a n s l a t i o n  i n  t h e  X-Y plane. 
First bending about the MDA/CSM 
i n t e r f a c e  in-X-Z plane with ATM 
rocking in  X-Z plane out of phase 
with CSM. 
F i r s t  bending about the MDA/CSM 
i n t e r f a c e  i n  X-Y plane with ATM 
rocking  in  X-Y plane out of phase 
with CSM. 
Firs t  bending about  the MDA/CSM 
i n t e r f a c e   i n  X-Y plane with ATM 
rocking  in  X-Y p lane  in  phase 
with CSM. 
F i r s t  bending about the MDA/CSM 
i n t e r f a c e  i n  X-Z plane with ATM 
rocking  in  X-Z plane in  phase 
with CSM. 
Veh ic l e  ro l l  and f i r s t  t o r s i o n  
coupled with X-Y plane f i r s t  
bending about MDA/CSM in te r f ace  
and ATM rocking  in  Y-Z plane in  
Dhase w5- top of CSMr 
F i r s t  bendhg  abou t  theMDA/CSM 
i n t e r f a c e   i n  X-Z plane with ATM 
Z motion i n  phase wi th  the  top  
of CSM, 
Vehicle f i r s t  t o r s i o n a l  mode with 
CSM,  MIk4/STS/AM ,out gf phase with 
FAS/N/ORS. Large torsional motion 
of CSM r e l a t i v e   t o  MDA. 
-. 




D(R4INANT MOTION I' 
Suspension system mode. Rigid body , 
t r a n s l a t i o n  i n  t h e  X-Z plane. 
Suspension system mode. Rigid body ' 
t r ans l a   t i on   i n   t he  X-Y plane. 
Firs t  bending about  the MIlA/CSM 
interface in-X-2 plane with ATM 
rocking in  X-Z plane out of phase 
with CSM. 
First  bending 'about the MDA/CSM 
i n t e r f a c e   i n  X-Y plane with ATM 
rocking  in  X-Y plane out of phase 
with CSM. 
F i r s t  bending about the l?DA/CSM 
i n t e r f a c e   i n  X-Y plane with ATM 
rocking  in  X-Y p lane  in  phase 
with CSM, 
F i r s t  bending about the MDAICSM 
i n t e r f a c e  in-X-Z plane with ATM 
rocking i n  X-Z plane i n  phase 
with CSMI 
Veh ic l e  ro l l  and f i r s t  t o r s i o n  
coupled with X-Y plane f i r s t  
bending about MDA/CSM in te r f ace  
and ATM rocking in Y-Z plane i n  
phase with the top of CSM. 
F i r s t  bending about the MW/CSM 
i n t e r f a c e   i n  X-Z plane with AIM 
Z motion i n  phase with the top 
Vehicle first to r s iona l  mode with 
CSM out of phase with MIA/STS/AM 
and FAS/IU/OWS. Large torsional 
motion of CSM r e l a t i v e   t o  MDA. 
CSM. 
Table 5.10 Summarv of Test and Analv t ica l  Modes Correlation (Cont'd) 
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DOMINANI  M6,TiON 
9TM rotat ion most ly  about  X a x i s  
with vehicle second bending about 
the MDA/CSM and STS/AM i n t e r f a c e s  
i n  X-Y plane. 
A T M  ro ta t ion  about  Y a x i s .  
Vehicle second bending about the 
MDA/CSM and STS/AM i n t e r f a c e s  i n  
X-Y plane with some FAS tank 
motion i n  Y-Z plane. 
Vehicle second bending about the 
MDA/CSM and STS/AM i n t e r f a c e s  i n  
the  X-Z plane, 
FAS 02 tanks motion i n  Y-2 plane 
coupled with OWS Skirt/IU/FAS 
rocking about the base ring in 
X-Z plane, 
Vehicle f i r s t   a x i a l  mode. 
FAS 09 b o t t l e  Y and Z motion, 
MDA/Ai Y motion, AM N2 2anks- 
mathematical model point  20 and 
21 motion i n  Y d i rec t ion .  























ATM ro ta t ion   mos t ly  about. X a x i s  
with vehicle second bending about 
the MDA/CSM and STS/AM i n t e r f a c e s  
i n  X-Y plane. 
ATM ro ta t ion  about  Y axis .  
Vehicle second bending about the 
MDA/CSM and STS/AM i n t e r f a c e s  in 
X-Y plane coupled with ATM 
ro ta t ions  about  X and Z axes, GRA/ 
CAN center  ro ta t ion  about  2 a x i s  
out  of phase with ATM rack. 
Vehicle second bending about the 
MDA/CSM and STS/AM i n t e r f a c e s  i n  
the X-Z plane. 
FAS 02 tanks' motion i n  Y-Z plane, 
Y motion of EREP. 
Vehicle f i r s t  a x i a l  mode. 
m / A M  Y motion, AM N? tanks-math- 
ematical  model point 'io and 21 
motion i n  Y d i rec t ion .  FAS b o t t l e  
motion does not correlate with 
test  mode  17A. FAS O2 tank motion 
i n  t es t  mode  17A has elements of 
a n a l y t i c a l  modes 29(9.266 Hz.), 32 
(9.593 Hz.), 33(9.710 Hz.), and 35 
(9.95 Hz.) a l l  being predauinately 
FAS tank modes. 
Veh ic l e   t h i rd   t o r s iona l  mode .** 
*Correlat ion not  c lear .  
**ldcnt ical  in  shape a s  t e s t  mode except for CSM phase. 
E 







5*10 Summary of Test and AGalytical Modes Correlation (Cont'd) 
' coAY 
DOMINANT MOT I O N  
Y motion of AM N tank math.  model 
point No 20, vehicle  third bending 2 
predominately in X-Y plane. 
AM N2 tanks Y and Z motion, vehicle 
third bendings predominately in 
X-Z plane. This mode was not well  
separated from t e s t  mode lgA(13.3 
Hz) a s  shown by la rge  coupl ing  in  
orthogonality check. 
AM N 2  tanks Y motion and vehicle 





Vehicle third bending predominately 47 
i n  X-Y plane, AM N2 tanks Y and 2 
motions, FAS 02 tanks X, Y and Z 
motions.. 
Z motion of AM N2 tanks coupled 
with X, Y, Z motions of FAS 0 2  
tanks (X motion i s  l a rges t )  , 
fourth bending of t o t a l  v e h i c l e  












Y motion of A n  N2 tank math. model 
point No 20, vehicle.  third bending 
does not  correlate  well. Vehicle 
bending  cor re la tes  c loser  wi th  
a n a l y t i c a l  modes 47(13.970) and 48 
(14.084) . 
AM N? Tanks Y and Z motions, 
vehicle third bending predomina t e l J  
i n  X-Z plane. 
Vehicle third bending in X-Y plane: 
AM tanks motions do no t  co r re l a t e  
well. 
AM N, tanks Y motion, vehicle 
bendrng does not correlate. 
Vehicle third bending predominate11 
i n  X-Y plane, AM N2 tanks and DA 
trunions Y and Z motion. 
No s ing le  mode c o r r e l a t e s  well. 
Analytical  modes in  the  18-19 Hz 
range resemble FAS tanks motions 
but  the FAS tanks motions are 
Coupled with Y motions of AM tanks 
and not Z motion as i t  occurs i n  
test mode 23A. 
AM N2 tanks Z motion. Note: 
Analytical  mode  67 only approx- 




Table 5.10 Summary of Test and Analytical Modes Correlation (Cont'd) 
" I I CORRELATING I 1 
, TEST MODE 
DOMINANT MO ION FREQ. HZ.' NO. DOMINANT MOTION 'FREQ. HZ. , NO. 
ANALYTICAL MODE 
29(24A) 
Vehicle second axial mode. 19.51 77 30(25A) 17.01 !Vehicle  second  axial mode, 
tanks Y motion. 1ai.r N 3  tanks Y motion. 
FAS 02 tanks X motions and AM N2 18.32  69 16.53 FAS 02 tanks X motion  coupled  with 
J A . 
Table 5.11 Cross-Orthogonality and GI!C Least-Squares F i t  Results 
CORRELATING ANAWICAL MODES CORREIATING ANALYTICAL MODES 
, BASED ON CROSS-ORTHOGONALITY 1: 
I NEXT BEST BEST TEST - 
TEST i K E F  FREQ . ,, MODE FREQ., ~ 
MODE 
.405 18.85  9  1.96 75 1.57 .876 8 1.43 4 ( O = W  
.245 0.51 1 ""- , 6 0.28 .445 1 0.31 2(02A) 
COUPLING HZ. NO. HZ. COUPLING ' NO. , HZ. 
5 (0%) 1.66 9 .809 
.326 10.66  10 37 1.99 .766 10 1.72 6 ( O W  
,468 1.57  8  1.57 8 1.96 
T 3 66 31  0.29 9 64 2 u-31 
3 (03B) .310 10.66  7 1.37 37 1.37 .894 7 1.31 
7 (0 6B) 
15 5.32 i 12 j 3.25 : 3.25 .490 1 2  2.66 .704 11 2.51 8(07A) 
10 1.99 * I ""- ! 10.66 .403 37 1.99 .831 10 1.74 
9 ( O W  13 3.52 * ""- 10.66 .502 37 3.52 .959 13  3.06 
10 (0 9A) 11 2.66 1 1 2  I 3.25 I 2.66 .601 11 3.25 .740 12 4.10 
ll(l0A) 
: 5.32 15 6.79 18 16.57 .246 60 6.79 .636 18 7.59 18(15A) 
1 
~ 6.79 18 9.95 35 5.76 .343 16 6.79 .441 18 6.73 17 (14A) 
""_ * 1 7.04 19 6.03 .377 17  7.04  .833 19 6.36 16(13B) ""- * ~ 7.04 19 6.03 .3 24 1 7  7.04 .820 19 6.25 15 (13A) 
18 
~ 5.32 15 5.76 .635 16  6.79 .650 18 5.86 14(12A) 
""- * I 6.03 1 7  13.70 .416 45 6.03 .709 17 5.03 13 (1lA) 15 6.79 18 5.32 .744 15 4.93 .764 14 4.55 1 2  (10B) 
5.32 6.79 ' 15 18 5.32 .738 15 4.93 .756 14 4.50 
20 (1 7A) 11.59 ' 38 .606 12.63 $1 .525 13.01  32 9.59 12.63 38 
22  (18B) 1.2.87  39 .631 12.75  38 .429 12.63  39 12.75 38 
13.78 46 6.79 18 21.47 .251 87 17.54 .569 67 16.20 28 (2%) 
5.32 15 13.97 47 14.08 .299 48 13.40 .363 43 15.78 27  (22A) 
13.97 47 12.64 38 17.54 .292 67 13.40 .297 43 15.40 26  (22B) 
15.64 57 14.97 54 13.97 .525 47 15.64 .552 57 14.55 25 (2U) 
13.28 42  13.01 41 14.47 .455 49 13.97 .465 47 13.68 . 24  (20A) 
12.63  38 13.01 41 13.28 .476 42 13.40 .49 1 43 13.30 23 (1 9A) 
12.63 
30 (25A) 17.01 77  .777 19.51 78 .345 19.53 77 19.51 92 22.35 . 
19(164) 
""- * 12.75 39 9.03 .404 27 12.75 .SO8 39 12.65 21 (18A) 
' ' 9.40 31 9.38 30  9.40 .874 31 9.38 .899 30 8.85 
29 (244  18.75 72 22.06 90 18.32 .384 69 14.97 .403 54 16.53 
1 I \ 
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5.4 Correlation  Improvement  Methodology 
5.4.1 General  Approach - A l i s t  o f  t h e  l i t e r a t u r e  r e v i e w e d  i n  
search of  a s u i t a b l e  metliod t o  improve cor re la t ion  be tween exper imenta l  
and t h e o r e t i c a l  r e s u l t s  i s  p r e s e n t e d  i n  t h e  R e f e r e n c e  S e c t i o n  o f  t h i s  
r e p o r t .  Most  of the  referenced  methods  involve  computations  using meas- 
u red  ampl i tude  da ta  and  r e su l t  i n  a model l i m i t e d  i n  s i z e  t o  t h e  number 
of degrees of  freedom  measured i n  test .  They a l so  i - equ i r e  the  ex i s t ence  
of a compatable mass matrix t h a t  i s  or thogonal  to  the measured data .  
Hall* proposed a method of modifying e x i s t i n g  d e t a i l e d  a n a l y t i c a l  m o d e l s  
t o  ach ieve  the  des i r ed  co r re l a t ion ,  bu t  h i s  approach  a l so  r equ i r e s  d i r ec t  
computations  using  measured  amplitude  data.  It was f e l t  t h a t  v a l i d  Sky- 
lab  model ing  resu l t s  could  not  be  obta ined  us ing  any  method which depends 
on measured modal amplitude for the following reasons: 
a .  630 degrees  of  freedom (DOF) i n  t h e  a n a l y t i c a l  model were judged 
necessa ry  fo r  good f i d e l i t y  i n  l o a d s  c a l c u l a t i o n s .  Only 200 DOF 
were measured; 
b. i t  was n o t  p o s s i b l e  t o  d e r i v e  a test  c.ompatable  mass  matrix  that 
adequately represented the Skylab Launch Configurat ion kinet ic  
e n e r g y  d i s t r i b u t i o n  i n  a l l  a r e a s  o f  t h e  a n a l y t i c a l  model; 
c.  much of  the  measured  ampl i tude  da ta  conta ined  loca l  e f fec ts  
which  could  not  be  proper ly  accounted  for .  
In  order  to  minimize  these  shor tcomings ,  a method t o  improve corre- 
l a t i o n  be twe,en  the  Skylab  exper imenta l  resu l t s  and  the  theore t ica l  model 
was developed  which relies heavily on measured frequency data.  A de- 
t a i l e d  d e s c r ' i p t i o n  o f  t h i s  method i s  p resen ted  in  "Dynamic Test Ref l ec t ed  
S t r u c t u r a l  Model  Methodology  Report",  published i n  December 1972. The 
me thodo logy  p resen ted  in  th i s  s ec t ion  i s  l i m i t e d  t o  a b r i e f  d i s c u s s i o n  
of  the frequency algori thm that  has  been developed and to  discussion of 
i t s  appl ica t ion  to  the  Skylab  Orbi t  Conf igura t ion  test  r e s u l t s .  
5.4.2 The Frequency  Algorithm - T h e o r e t i c a l  mode shapes and fre-  
quencies of the pretest  model were obta ined  f rom the  so lu t ion  of  the  
general  eigenproblem, 
where  subscr ip t  i r e f e r s  t o  t h e  ith mode. 
* Linear  Es t imat ion  of S t ruc tura l  Parameters  f rom Dynamic Test Data 
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It i s  assumed t h a t  t h e o r e t i c a l  mode shapes and frequencies of a 
model t h a t  c o r r e l a t e s  w i t h  tes t  r e s u l t s  c a n  be obtained from the solu- 
t ion of the eigenproblem, 
where t h e  matrices ImJ and lk] a r e  t h e  mass and s t i f f n e s s  of subcomponent 
elements whose respective sums produce [M] and [KJ . (6 ] a r e   s c a l i n g   f a c -  
t o r s  which must be determined in  o rde r  t o  ob ta in  bo th  e igenvec to r  and  
e igenva lue  co r re l a t ion  wi th  test r e s u l t s .  It was shown i n  t h e  Dynamic 
Tes t  Re f l ec t ed  S t ruc tu ra l  Model Methodology Report  that  scal ing factors  
wh ich  p roduce  e igenva lue  co r re l a t ion  in  a l l  modes would also produce 
e igenvec to r  co r re l a t ion .  Th i s  phenomenon led  to  the  development  of a 
Taylor’s  series expansion of  the theoret ical  e igenvalues  about  the pre-  
tes t  va lues  a s  a func t ion  o f  t he  sca l ing  f ac to r s  t o  ob ta in  an  expres s ion  
from which those factors can be determined. The f i r s t  o r d e r  approxima- 
t ion of  this  expansion is ,  
where s u b s c r i p t  ( e  1 re fers  to  exper imenta l  da ta  and  subscr ip t  C O )  r e f e r s  
t o  t h e  i n i t i a l ,  o r  pre-test ,  d a t a .  Each  row  of  the  matrix  of  equations 
represents  a t h e o r e t i c a l  mode f o r  which i s  assumed tha t  cor responding  
experimental  data  i s  ava i l ab le  and  the  de r iva t ive  wi th  r e spec t  t o  each  
requi red   sca l ing   parameter  may be determined.   Ideal ly ,  when subcomponent 
d e t a i l  i s  su f f i c i en t  t o  p roduce  a s  many s c a l i n g  f a c t o r s  a s  t h e r e  a r e  modes, 
the solut ion from Equat ion (3) i s  
In  p rac t i ce ,  t h i s  r equ i r emen t  w i l l  no t  be s a t i s f i e d ,  n o r  w i l l  experimental  
da ta  be determined  for a l l  modes.  However, a l e a s t - s q u a r e s  s o l u t i o n  f o r  
{ s }  i s  poss ib le  when Equation (3) conta ins  more modes than  sca l ing  fac-  
t o r s .  O r ,  i f  t h e  T a y l o r ’ s  series expansion of the i& theore t i ca l   e igen -  
value i s  dominated by a s i n g l e  s c a l i n g  f a c t o r ,  Sj, an approximation of 
t h a t  f a c t o r  may be obtained from, 
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Because of the  f i r s t  o rder  approximat ion  of  the  Taylor ' s  series expansion, 
a n  i t e r a t i v e  a p p l i c a t i o n  o f  t h e  a l g o r i t h m  is  required whereby each set of 
parameters i s  used  to-ca lcu la te  an  updated  model  whose eigenvalue and 
e igenva lue  de r iva t ives  a re  used  to  ca l cu la t e  new pa rame te r s  un t i l  t he  
d i f f e rence  in  success ive  pa rame te r s  i s  a r b i t r a r i l y  small. 
5.4.3  Calculation  of  Eigenvalue  Derivatives Fox  and KapoorJC pro- 
v ided  an  expres s ion  fo r  t he  pa r t i a l  de r iva t ives  o f  an  e igenva lue  wi th  
r e s p e c t  t o  a s t ruc tu ra l  pa rame te r .  The general   expression is s t a t e d  a s  
a func t ion  o f  t he  de r iva t ives  o f  t he  mass and s t i f fnes s  o f  t he  e igen -  
problem with respect t o  t h a t  p a r a m e t e r  a s  
I f   t h e  mass and s t i f f n e c s  m a t r i c e s  a r e  d e f i n e d  a s  l i n e a r  f u n c t i o n s  o f  
t h e i r  subcomponent e lements ,  as  in  Equat ion  (2), where t h e  s t r u c t u r a l  
pa rame te r s  a re  r ega rded  sca l ing  f ac to r s  on the or iginal  model ing,  as  
opposed to  rea l  hardware  changes  tha t  would a l t e r  b o t h  mass and s t i f f -  
ness,   Equation (6) produces two der iva t ive  te rms  of the  form, 
Equations (7) and (8) b y  be  recognized  as  express ions  for  the  k ine t ic  
and  poten . t ia1  energy  of  the  i th  mode c o n t a i n e d  i n  t h e  subcomponent ele- 
ments  defined by [m] and [k] respect ively.   Since  the sum of  the sub- 
components equals the total  system, the sum of  the eigenvalue der ivat ives  
with re'spect t o  the  mass s c a l i n g  f a c t o r s  e q u a l s  t h e  t o t a l  k i n e t i c  e n e r g y  
of the system, and the sum of  the  e igenvalue  der iva t ives  wi th  respect t o  
t h e  s t i f f n e s s  s c a l i n g  f a c t o r s  e q u a l s  t h e  t o t a l  p o t e n t i a l  e n e r g y  of the  
system.  Thus,   d ividing  both  s ides  of Equations (7) and (8) by the  eigen- 
value,  aia , y i e l d s  t h e  f r a c t i o n a l  p a r t s  of the  respective t o t a l  e n e r g i e s  
c o n t a i n e d  i n  a p a r t i c u l a r  subcomponent. This  observation  allows  Equation 
(3) to   take  the  form,  
* R. L. Fox and M. P. Kapoor, "Rates of  Change of Eigenvalues and Eigen- 
vectors" ,  AIM J o u r n a l ,  Vol. 6, No. 12, December 1968, pp.  2426-2429. 
Where element ci of  mat r ix  [I-] i s  t h e  f r a c t i o n a l  p a r t  o f  t h e  t o t a l  
k i n e t i c  o r  p o t e n t i a l  e n e r g y  c o n t a i n e d  i n  t h e  i t h  tes t  co r re l a t ed  ana ly -  
t i c a l  mode t h a t  i s  c o n t r i b u t e d  by the j t h  subcomponent. 
5.5 C o r r e l a t i o n  Improvement  Procedure 
P r i o r  t o  t h e  i n i t i a t i o n  of th i s  s tudy , t l i e  Skylab  Orbi t  Conf igura t ion  
Dynamic T e s t . A r t i c l e  (DTA) v i b r a t i o n  a n a l y s i s  model  had  been cons t ruc t ed .  
Each  component  of t h i s  model cons i s t ed  o f  mass a n d  s t i f f n e s s  d a t a  repre- 
sent ing  the  combinat ion of many subcomponents.  Information  concerning 
t h e  d e t a i l s  of these subcomponents was n o t  a v a i l a b l e  f o r  u s e  i n  this  
s tudy .   This   condi t ion   l imi ted   the   scope   of   the   e f for t   to   the   de te rmina-  
t ion  of  component ,  ra ther  than  subcomponent ,  sca l ing  fac tors  tha t  would 
improve  the  co r re l a t ion  be tween  expe r imen ta l  and  theo re t i ca l  r e su l t s .  
Also, i t  was assumed a t  t h e  o u t s e t  of t h e  s t u d y  t h a t  t h e  mass of a l l  
components was a d e q u a t e l y  r e p r e s e n t e d  i n  t h e  p r e - t e s t  model so t h a t  t h e  
determinat ion of mass s c a l i n g  f a c t o r s  was n o t  r e q u i r e d .  
5.5.1 The P r e - T e s t  Model S t r a in  Ene rgy  Di s t r ibu t ion  - The s t r a i n  
energy  d is t r ibu t ion  in  the  components  of t h e  O r b i t  DTA pre-test model 
was c a l c u l a t e d  f o r  e a c h  of t h e  a n a l y t i c a l  modes by the method de f ined  
in   paragraph  5.4.3. The r e s u l t s  of t h e s e  c a l c u l a t i o n s  i n  t h e  modes t h a t  
a r e  c o r r e l a t a b l e  w i t h  tes t  r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  5.12. A review 
of t h e  c o r r e l a t i o n  r e v e a l e d  t h a t  a n a l y t i c a l  mode 1 4  c o r r e l a t e d  w i t h  t es t  
mode 10A a s  w e l l  a s  a n a l y t i c a l  mode 15  d id .  A l so ,  ana ly t i ca l  mode 18 
c o r r e l a t e d  w i t h  tes t  mode 12A a s  w e l l  a s  a n a l y t i c a l  mode 16  did.  These 
two a d d i t i o n a l  modes a r e  a l s o  i n c l u d e d  i n  T a b l e  5 . 1 2  w i t h  a n  a s t e r i s k .  
Although GMC da ta  ind ica t ed  appa ren t  co r re l a t ion  be tween  test  mode 18A 
and a n a l y t i c a l  mode 39 ,  t he  ac tua l  veh ic l e  s econd  to r s iona l  mode occurred 
a n a l y t i c a l l y  a s  mode 36 a t  10.285 Hz. St ra in  ene rgy  fo r  bo th  mode 36 and 
39 a r e  i n c l u d e d  i n  t h e  t a b l e ,  b u t  t h e  c o r r e l a t i o n  is  shown a s  e x i s t i n g  
between a n a l y t i c a l  mode 36 and tes t  mode 18A.  Ana ly t i ca l  mode 47 appears  
twice in  Table  5 .12;  once with each of  the t es t  modes with which i t  was 
c o r r e l a t e d  . 
The s t r a i n  e n e r g y  i n  a n a l y t i c a l  modes 41 and 42 i s  contained p r i -  
mar i ly  in  the  So la r  Ar rays .  F requency  co r re l a t ion  o f  t he  pre-test  model 
with test  r e s u l t s  i s  very good i n  t h e s e  modes and  would no t  be  a f f ec t ed  
by changes  to  o ther  components  due  to  the  lack  of  s t ra in  energy  in  o ther  
components i n   t h e s e  modes. S i m i l a r l y ,  a l l  o t h e r  a n a l y t i c a l  modes l i s t e d  
i n  T a b l e  5.12 have very l i t t l e  s t r a in  ene rgy  in  the  So la r  Ar rays  and  
would not  be  a f fec ted  by changes  to  Solar  Array  components.  Since  no 
changes to the Solar Array components can be made i n  t h i s  ' s t u d y ,  s t r a i n  
energy contr ibut ion for  these components  i s  no t  i nc luded  in  Tab le  5.12. 
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For  convenient  re ference ,  the  exper imenta l  and  ana ly t ica l  modal 
f requencies  a re  repea ted  in  Table  5.12 a s  a re  the  f r equency  d i f f e rences  
expressed  as  a f r a c t i o n  of  the  experimental   frequencies.  The square  of 
the  f requency  ra t ios  minus  one t h a t  a r e  r e q u i r e d  f o r  t h e  s o l u t i o n  of the  
frequency algorithm defined by Equation (9) i n  paragraph 5.4.3 a l s o  a r e  
presented  in  Table  5.12. 
In  gene ra l ,  t he  t abu la t ed  s t r a in  ene rgy  va lues  ref lect  s ix  degree 
of freedom motion of an entire component so t h a t  i t  i s  no t  poss ib l e ,  by 
review of Table 5.12 a lone ,  to  de te rmine  the  spec i f ic  l o c a t i o n s ,  i f  any, 
i n  a p a r t i c u l a r  component  where the  s t r a in  ene rgy  i s  concentrated nor  
the direct ion of  motion with which i t  i s  assoc ia ted .  Mot ion  in  many of 
the  test  modes i s  dominated by the  FAS Oxygen Tanks o r  t h e  AM Nitrogen 
Tanks .  Determina t ion  of  sca l ing  fac tor  for  loca l  suppor t  s t ruc ture  for  
these tanks i s  r e q u i r e d  f o r  improvement of c o r r e l a t i o n  i n  t h o s e  modes. 
Examination of Table 5.12 shows t h a t  a CSM component s c a l i n g  f a c t o r  l a r g e  
enough t o  improve correlat ion with the f i r s t  t o r s i o n a l  mode, test mode 
09A, would have a l a r g e  d e t r i m e n t a l  e f f e c t  on t h e  e x i s t i n g  good cor re la -  
t i o n  between a n a l y t i c a l  mode 11 and tes t  mode  07A due t o  t h e  v e r y  l a r g e  
CSM s t r a i n  e n e r g y  c o n t r i b u t i o n  i n  a n a l y t i c a l  mode 11. Many o t h e r  exam- 
p l e s  can be c i ted from Table  5.12 t o  show tha t  . the  lack  of  subcomponent 
d e t a i l  d i s a l l o w s  a p p l i c a t i o n  of the idealized methodology f o r  c o r r e l a t i o n  
improvement. However, the  essence  of  the  methodology was appl ied   wi th in  
the  limits of  the avai lable  data  to  determine required changes to  the de- 
ployed DA and the CSM by the  ra t iona le  d iscussed  in  the  fo l lowing  para-  
graphs. 
5.5.2 The Deployed DA Component Model - Analy t ica l  mode 9 has 70.8 
percent  of t h e  t o t a l  s t r a i n  e n e r g y  c o n c e n t r a t e d  i n  t h e  DA (see Table 
5.12). The genera l ized  mass c o n t r i b u t i o n s  (GMC) of i t s  corresponding 
t e s t  mode, Table 5.13, were i n  t h e  ATM Rack i n  t h e  X, Y, and 2 di rec-  
t i o n s .  Review o f   t h e   p l o t t e d   d a t a   i n  volume .I1 f o r  t h i s  mode shows 
very l i t t l e  r e l a t ive  mot ion  in  the  lower  DA between the trunnions and 
. the FAS in t e r f ace .  Th i s  t ype  of motion  suggests  that   the  upper DA, 
between the trunnions and the ATM i n t e r f a c e ,  c o n t a i n s  t h e  f u l l  7 0 . 8  
percent  of s t r a in  ene rgy  wi th  a f a i r l y  u n i f o r m  d i s t r i b u t i o n .  The da ta  
in  Tab le  .12  shows t h a t  a n  i n c r e a s e  i n  DA s t i f f n e s s  i s  requi red  to  . i m -  
p rove  f requency  cor re la t ion  be tween ana ly t ica l  mode 9 and test mode  OSA. 
It was concluded  tha t ,  s ince  par t  o f  the  DA was already too s t i f f  to  be 
involved  in  the  mot ion  of  ana ly t ica l  mode 9 and the remaining parts con- 
t r i b u t e d  e q u a l l y ,  a s c a l i n g  f a c t o r  a p p l i e d  t o  t h e  e n t i r e  DA component 
s h o u l d  r e s u l t  i n  a s t i f fness  mat r ix  tha t  approximates  one  which  would 
resul t  f rom adjustment  of  individual  DA t r u s s  members had the  da t a  re- 
qu i r ed  to  do s o  been  ava i l ab le .  An estimate of  such a s c a l i n g  f a c t o r  
was ca lcu la ted  us ing  Equat ion  (9) i n  pa rag raph  5.3.3 and the data  of  
a n a l y t i c a l  mode 9 and experimental mode  05A in  Table  5 .12  by, 
6 DA = - .282/.70774 = -.398 
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the  McDonne11 Douglas Corporation model with a Deployed DA s t i f f n e s s  
model developed by Martin Marietta Corporation (MMC) f o r  u s e  i n  stress 
analyses .  .Frequency data  f rom a Skylab  Orbi ta l  Conf igura t ion  MIA coupled 
sys t em v ib ra t ion  ana lys i s  u s ing  the  MMC DA component s t i f f n e s s  model and 
the  r ev i sed  G S M  component  model d i scussed  be low in  paragraph  .5.3 is  
p resen ted  in  Tab le  .14 as  '"MC DA + CSM Eigensolution".   Only  data f o r  
t h e  f i r s t  few modes i s  p r e s e n t e d  t o  s u p p o r t  c r e d i b i l i t y  o f  t h e  l e a s t  
squa res  sca l ing  f ac to r  and  no at tempt  was made t o  c o r r e l a t e  t h e  modes 
tha t  a r e  no t  p re sen ted .  A comparison of t h e  f l e x i b i l i t y  i n f l u e n c e  
c o e f f i c i e n t  d a t a  f o r  b o t h  DA models showed t h a t  t h e  MMC model i s  only 
85 percent  as stiff a s  t h e  &Donne11 Douglas model overa l l  and  only  58 
p e r c e n t  a s  s t i f f  i n  t h e  Z d i r e c t i o n  a t  t h e  u p p e r  r i g i d i z i n g  arms and 58 
p e r c e n t  a s  s t i f f  i n  t h e  X d i r e c t i o n  a t  t h e  l o w e r  r i g i d i z i n g  a r m s .  
This concluded the procedure for improvement of cor re la t ion  be tween 
theore t ica l  and  exper imenta l  resu l t s  by p e r t u r b a t i o n  o f  t h e  t h e o r e t i c a l  
DA component model. 
.5.3 The CSM Component  Model - Experimental modes 09A and 1 8 A  
were i d e n t i f i e d  r e s p e c t i v e l y  a s  t h e  f i r s t  a n d  s e c o n d  t o r s i o n a l  modes 
of .  the Skylab O r b i t  Configurat ion DTA. The c o r r e l a t i n g  a n a l y t i c a l  modes, 
a r e   l i s t e d   i n   T a b l e  , 1 2 .  The data   of   Table  .12  shows t h a t   a n   i n c r e a s e  
i n  s t i f f n e s s  somewhere i n  t h e  DTA was required to  improve frequency cor-  
r e l a t i o n  w i t h  tes t  r e s u l t s .  The f i r s t  a n a l y t i c a l  t o r s i o n  mode, mode 1 2  
in Table .12 has  36.2 percen t  of t h e  s t r a i n  e n e r g y  i n  t h e  CSM component 
and 43.7  p e r c e n t  i n  t h e  DA component. The remaining  energy i s  contained 
i n  i n s i g n i f i c a n t  amounts i n  t h e  o t h e r  components.  Although a DA change 
produces  the  la rges t  f requency  change  in  th i s  mode, the DA change calcu- 
l a t e d  i n  p a r a g r a p h  .5.2 t o  improve c o r r e l a t i o n  i n  o t h e r  modes i s  i n  t h e  
wrong d i r ec t ion .   Tab le   -14  shows t h e   f i r s t   a n a l y t i c a l   t o r s i o n  mode 
frequency decreased to 2.995 W a s  a r e s u l t  of t he  l ea s t  squa res  DA 
component s c a l i n g  f a c t o r .  The s e c o n d  a n a l y t i c a l  t o r s i o n  mode, mode 36 
i n  Tab le  .12 has  59.4  percent of t h e  s t r a i n  e n e r g y  . i n  t h e  FAS/IU/OWS 
component,  28.2  percent i n  t h e  CSM component,  and  the  remainder  spread 
i n  i n s i g n i f i c a n t  amounts in  the  other  components.   Although GMC d a t a  
f o r  a n a l y t i c a l  mode 36 was not  reported because i t  was n o t  c o r r e l a t e d  
w i t h  t e s t  d a t a ,  GMC d a t a  f o r  t h a t  mode was ca l cu la t ed  and  i t  showed l a r g e  
FAS Oxygen Tanks  motion. Due to  the  l ack  o f  FAS subcomponent s t i f f n e s s  
da t a  the  s t r a in  ene rgy  a s soc ia t ed  wi th  Oxygen Tanks motion could not be 
sepa ra t ed  f rom the  to t a l  FAS/IU/OWS component c o n t r i b u t i o n .  A t o t a l  FAS/ 
IU/OWS component s c a l i n g  f a c t o r  c a l c u l a t e d  t o  improve c o r r e l a t i o n  i n  t h e  
second tors iona l  mode would produce a comparab le  dec rease  in  co r re l a t ion  
between  experimental mode  24A and a n a l y t i c a l  mode 69 which,  as  Table . 1 2  
shows , has 50.8 pe rcen t  o f  t he  s t r a in  ene rgy  in  the  FAS/IU/OWS component 
and r e q u i r e s  s c a l i n g  i n  t h e  o p p o s i t e  d i r e c t i o n .  A t o t a l  CSM component 
s c a l i n g  f a c t o r  t o  improve c o r r e l a t i o n  i n  e i t h e r  t o r s i o n  mode was a l s o  
disallowed by t h e  d e t r i m e n t a l  e f f e c t s  i t  would have on e x i s t i n g .  good 
c o r r e l a t i o n  i n  o t h e r  modes.  However, examination of t h e  f i r s t  and  second 
a n a l y t i c a l  t o r s i o n  modes a s  p lo t t ed  da t a  sugges t ed  tha t  t he  add i t ion  of 
tors ion spr ings between the Command Module forward and a f t  bulkheads and 
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The e f f e c t  of t h i s  s c a l i n g  f a c t o r  on a l l  o t h e r  a n a l y t i c a l  modes l i s t e d  
i n  T a b l e  5.12 was determined by us ing  Equa t ion  (3 )  of paragraph 5.4.2 
t o  s o l v e  f o r  t h e  new e igenva lues ,{we  1 ,  tha t  a re  produced  by the above 
value of DA when the  sca l ing  pa rame te r s  fo r  a l l  o the r  componen t s  a re  
set  e q u a l  t o  z e r o .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  p r e s e n t e d  i n  
Table 5.14 a s  "Mode 9 Est imat ion"  data .  The differences  between these 
frequencies  and experimental  resul ts ,  expres sed  a s  a f r ac t ion  o f  t he  
expe r imen ta l   f r equenc ie s ,   a l so   a r e   i nc luded   i n   Tab le  5.14. Experimental 
and  pre- tes t  model a n a l y t i c a l  d a t a  a r e  r e p e a t e d  i n  T a b l e  5.14 f o r  con- 
venient  comparison. A comparison shows s i g n i f i c a n t  improvement o r  no 
e f f e c t  i n  a l l  modes except t h e  f i r s t  t o r s i o n a l  mode, c o r r e l a t e d  w i t h  
experimental  mode 09A, and a n a l y t i c a l  mode 47 which co r re l a t e s  w i th  ex -  
per imental  modes 21A and 22B, both of  which are  s t rongly tank modes. 
This  r e s u l t  led  to  the  examinat ion  of  those  ana ly t ica l  modes which 
showed t h e  g r e a t e s t  improvement  from app l i ca t ion  o f  t he  DA sca l ing  f ac -  
t o r .  The examinat ion   revea led   tha t   the  same type of  motion  occurs i n  
those modes a s  i n  a n a l y t i c a l  mode 9; t h a t  i s ,  m u l t i - d i r e c t i o n a l  ATM 
a c t i v i t y  on the  upper DA and r e l a t i v e l y  s t i f f  lower DA. I t  was then 
dec ided  tha t  a DA s c a l i n g  f a c t o r ,  t h a t  s a t i s f i e s  t h e  f r e q u e n c y  a l g o r -  
ithm (Equation  (9)  of  paragraph  5.3.3) i n  a l e a s t  s q u a r e s  s e n s e ,  f o r  
a l l  test c o r r e l a t e d  modes which a r e  c l e a r l y  a s s o c i a t e d  w i t h  u n i f o r m  s t r a i n  
i n  t h e  u p p e r  DA, would p roduce  the  bes t  co r re l a t ion  improvement poss ib l e  
wi th in   the  limits o f   a v a i l a b l e   d a t a .  A l l  da ta   involved   in   the   de te rmina-  
t i o n  o f  t h e  l e a s t  s q u a r e s  s c a l i n g  f a c t o r  a r e  p r e s e n t e d  i n  T a b l e  5.15. A 
ques t ion  regard ing  which  ana ly t ica l  modes b e s t  c o r r e l a t e d  w i t h  test  modes 
10A and 12A was ra i sed  previous ly .  Analy t ica l  modes 14  and 18 were chosen 
f o r  t h i s  c a l c u l a t i o n  b e c a u s e  o f  t h e i r  h i g h e r  DA s t r a i n  e r ,e rgy  cont r ibu t ions .  
C o r r e l a t i o n  i n  t h e s e  modes i s  not  too  impor tan t  s ince  ca lcu la t ion  of  the  
l e a s t  s q u a r e s  s c a l i n g  f a c t o r  was dominated by a n a l y t i c a l  modes 9 and 1 7 .  
The e f f e c t  of t h e  l e a s t  s q u a r e s  s c a l i n g  f a c t o r  o n  a l l  o t h e r  a n a l y -  
t i c a l  modes l i s t e d  i n  T a b l e  5.12 was determined by using  Equation  (3) i n  
the same manner a s  was done f o r  '!Mode 9 Estimation".  The r e s u l t s  of 
t hese  ca l cu la t ions  a re  p re sen ted  in  Tab le5 .14  a s  "Least  Squares E s t i -  
mation". The cor responding   f requency   ra t io   da ta   a l so   a re   inc luded .  
Figures  5.9 and  5.10  compare p re - t e s t  and  pe r tu rba ted  ana ly t i ca l  mode 
shapes  to  tes t  mode shapes  in  the  X-Y and X-Z planes.  Improved  corre- 
l a t i o n  between tests mode shapes  and  ana ly t ica l  mode shapes was obtained 
f rom the  leas t  square  DA s c a l i n g  f a c t o r .  
Comparison of these results with test and the 'bode 9 Estimation" 
d a t a  l e d  t o  t h e  d e c i s i o n  t o  c a l c u l a t e  t h e  c o u p l e d  modes of the system 
us ing  the  l ea s t  squa res  sca l ing  f ac to r  on  the  DA component s t i f f n e s s  
matrix. The f r equency  da ta  fo r  t he  f i r s t  f ew  modes f r o m  t h i s  v i b r a t i o n  
a n a l y s i s  i s  p resen ted  in  Tab le  5.14 as "Least Squares Eigensolution".  
No at tempt  was made t o  c o r r e l a t e  t h e  modes not  shown. 
Al though the  resu l t s  ob ta ined  by sca l ing  the  Deployed DA component 
s t i f fness  lend  conf idence  in  the  methodology by which the scal ing was 
determined, an independent check on t h e s e  r e s u l t s  was made by r e p l a c i n g  
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between the Command Module a f t  bulkhead and Service Module forward bulkhead 
would improve t o r s i o n a l  c o r r e l a t i o n  w i t h o u t  d i s t u r b i n g  m o t i o n  i n  n o n - t o r s i o n  
modes i f  spr ings  of  the  proper  magni tude  could  be  de te rmined .  An estimate 
of  the proper  tors ional  spr ing magnitude was made using the data  of  analy-  
t i c a l  mode 12 i n  T a b l e  5 . 1 2  and the least  squares  DA component s ca l ing  f ac -  
t o r  de t e rmined  in  pa rag raph  5 e 5.2 in  Equat ion (9)  f rom paragraph 5.3.3 by, 
.36221 $ CSM + .43725 (- .4664) = + .591 
gCsM = 2.19 
This  meant t h a t  t o r s i o n a l  s p r i n g s  2 . 1 9  times the  magnitude  of  those i n  
the  CSM Component model should be  added t o  t h e  e x i s t i n g  s p r i n g s  t o  im- 
p rove   co r re l a t ion .  Such a la rge   change   ques t ioned   the   c red ib i l i ty   o f  
t he   e s t ima te .  A t  t h i s  p o i n t ,  f l e x i b i l i t y  i n f l u e n c e  c o e f f i c i e n t  d a t a  f o r  
the Apollo CSM was obtained by te lecon from Jack Nichols  of NASA, Hunts- 
v i l l e .   T a b l e  .16 presents   th i s   da ta   and   the   cor responding   Skylab  CSM 
component f l e x i b i l i t y  i n f l u e n c e  c o e f f i c i e n t  d a t a .  The r a t i o s  o f  r e l a t i v e  
d e f l e c t i o n  a c r o s s  t h e  p o r t s  i n  q u e s t i o n ,  a l s o  p r e s e n t e d  i n  T a b l e  5 . 1 6  
shows the  d i f f e rence  in  these  mode l s  i s  g r e a t e r  t h a n  i n d i c a t e d  by the  
s c a l i n g  f a c t o r  e s t i m a t e d  a b o v e .  T h i s  r e s u l t  i s  cons i s t en t  w i th  the  
methodology s ince the calculat ion of t h e  s c a l i n g  f a c t o r  i n v o l v e s  d i v i -  
s i o n  by t h e  t o t a l  CSM component s t r a in  ene rgy  wh ich  i s  l a r g e r  t h a n  t h a t  
undeterminable  por t ion  assoc ia ted  wi th  tors ion  a lone .  
With the Apollo CSM d a t a  i n  h a n d ,  i t  was dec ided  tha t  the  bes t  Skylab  
CSM component model improvement would r e su l t  f rom the  add i t ion  o f  t o r s iona l  
s p r i n g s  t h a t  r e f l e c t e d  t h e  f l e x i b i l i t y  i n f l u e n c e  c o e f f i c i e n t  r a t i o s  shown 
i n  T a b l e  5 .16 .  Calcu la t ions  of  these  spr ings  a re  inc luded  in  Table  5 .16 .  
The coupled modes of the Skylab Orbi t  Configurat ion MIA were then calcu- 
la ted  us ing  the  CSM component w i th  the  a l t e r a t ions  d i scussed  above  the  
the Deployed DA component w i t h  s t i f f n e s s  i n c r e a s e d  by the least  squares  
sca l ing  f ac to r  de t e rmined  in  pa rag raph  5..5.2. The frequency  data  from 
t h i s  v i b r a t i o n  a n a l y s i s  i s  p r e s e n t e d  i n  T a b l e  5 . 1 4  a s  "Test Verif ied Eigen-  
so lu t ion"  da t a .  F igu res  5.11 and  5.12 show the  improvements  obtained  over 
t he  pretest a n a l y t i c a l  modes by t h e  i n c l u s i o n  of t o r s iona l  sp r ings  and  DA 
s c a l i n g  f a c t o r s .  
This concluded the procedure for improvement of correlation between 
t h e o r e t i c a l  and expe r imen ta l  r e su l t s  by p e r t u r b a t i o n  of t h e  t h e o r e t i c a l  
CSM component model. 
No o t h e r  component  changes  were made i n  t h i s  s t u d y .  
5..5.4 Resu l t s  - Table 5. 17 presents  a summary o f  t h e  c o r r e l a t i o n  
resu l t s .   This   t ab le   p rovides   the   bas i s   for   acceptance   o f   the   model ing  
changes   d i scussed   in   the   p rev ious   paragraphs .   Suppor t ing   da ta   for   the  




c o n t a i n  p l o t s  f o r  b o t h  tes t  a n d  a n a l y t i c a l  r e s u l t s .  The a n a l y t i c a l  modes 
were ca lcu la ted   us ing   198  component (uncoupled)  modes, It was observed 
t h a t  many of those component modes had no effect  on the coupled modes of 
i n t e r e s t  i n  t h i s  s t u d y .  To improve  e f f ic iency  in  conduct ing  the  ana lys i s ,  
t h o s e  i n e f f e c t i v e  component modes were de le ted .  
5.5.4.1 The DA Component Scaling Factor Resul. ts  - The primary 
e f f e c t  of s c a l i n g  t h e  DA component s t i f f n e s s  matrix was t o  improve the 
correlat ion of  experimental  and theoret ical  f requency data .  The mode 
shape correlat ion between the experimental  resul ts  and the pre.-test 
t h e o r e t i c a l  model r e s u l t s  was s a t i s f a c t o r y  i n  t h o s e  modes which may be 
categorized as  coupled main beam bending and ATM a c t i v i t y .  T h i s  good 
c o r r e l a t i o n  was e s s e n t i a l l y  unchanged  by the  DA s c a l i n g  f a c t o r .  The 
pre-test model exh ib i t ed  s t rong  coup l ing  be tween  the  f i r s t  t o r s iona l  
mode and an X-Y plane f i rs t  bending mode. This motion was not  observed 
i n  test. The appl ica t ion  of  the  DA component s c a l i n g  f a c t o r  e l i m i n a t e d  
t h i s  c o u p l i n g  i n  t h e  a n a l y t i c a l  m o d e l .  However, i t  a l so  decreased  the  
t o r s i o n a l  mode frequency to 2.995 Hz p r i o r  t o  t h e  CSM component model 
a l t e r a t i o n s .  C o r r e l a t i o n  of FAS Oxygen and AK Nitrogen tank modes and 
of l o n g i t u d i n a l  modes was unaffected by the DA component s c a l i n g  f a c t o r  
5.5.4.2 The CSM Component Tors iona l  Sp-gs R e s u l t s  - The e f f e c t  
of the  addi t ion  of  the  two t o r s i o n a l  s p r i n g s  t o  t h e  CSM component  model 
was improvement of mode shape and frequency correlation between experi- 
m e n t a l  a n d  t h e o r e t i c a l  r e s u l t s  i n  t h e  f i r s t  two t o r s i o n a l  modes. 
I n c l u s i o n  of the spr ings decreased the difference between experimental  
and a n a l y t i c a l  f r e q u e n c i e s  o f  t h e  f i r s t  t o r s i o n a l  mode from 20.7 percent of 
the experimental  f requency to  13.9 percent .  The pre-test  a n a l y t i c a l  model 
produced a l a rge  r e l a t ive  to r s iona l  de f l ec t ion  be tween  the  command and 
s e r v i c e  module bulkheads which resulted in the node  of  the f i r s t  t o r s i o n a l  
mode be ing  loca ted  in  the  MDA cone s t ructure  whereas  the node was observed 
t o  be a t  t h e  AM t r u s s e s  i n  t h e  test  r e s u l t s .  A s  a r e s u l t  of the CSM com- 
ponent  changes the analyt ical  node was s h i f t e d  a f t  t o  t h e  STS/AM component. 
The difference between experimental  and analyt ical  f requencies  of  the 
second tors iona l  mode decreased from 18.7 percent of the experimental  fre- 
quency t o  4 .6  percen t  a s  a r e s u l t  of t h e  CSM component  changes. A si .gni-  
f i c a n t  improvement in  the  second  to r s iona l  mode s h a p e  c o r r e l a t i o n  i n  t h e  
CSM component a l s o  was produced by these changes.  
Corre la t ion  of  FAS Oxygen and AM Nitrogen tank modes and of longitu- 
d i n a l  modes was unaffected by the CSM component changes. 
5 .5.5  Conclusions - 
a .  A v a l i d  methodology f o r  p e r t u r b a t i n g  a t h e o r e t i c a l  dynamic  model 
t o  improve correlat ion with experimental  resul ts  has  been developed 
a s  p a r t  of t h i s  s tudy .  
b. The changes  incorporated  into  the  Skylab  Orbit   Configuration 
DTA model produce acceptable primary modal characterist ics cor- 
r e l a t i o n  of t h a t  model with test r e s u l t s  i n  a l l  p l a n e s  of motion. 
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C .  While complete correlation of a l l  test d a t a  w i t h  a n a l y t i c a l  
r e s u l t s  was n o t  a c h i e v e d ,  f u r t h e r  e f f o r t  t o  p r o d u c e  t o t a l  a g r e e -  
men.t i s  unwarranted because DTA mode1 changes  requi red  to  do  so 
would n o t  n e c e s s a r i l y  be a p p l i c a b l e  t o  t h e  f l i g h t  a r t i c l e .  
d .  Component models r e s u l t i n g  f r o m  t h i s  s t u d y  a r e  t e c h n i c a l l y  























































































































































Pre-Test Model S t r a i n  Energy Distr ibut ion 
COI 




































































































































































































-.112 - .244 
+.590 -. 168 - .284 - .304 




+.061 - .085 - .055 
""- 
+.215 -. 147 
-.186 - .240 
. .. 
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Table 5-13 O R B I T A L   C ~ N F I G U R A T  I O N  n004C SURVEY 
T E S T  MODES GEF!FWLXZFD MASS C O N T Q I R U T I O N  SUHHARY 
T O T L L  C H  CONTQTBUTIOY FO9 E 4 C H  COHPONENT 
PCjOYS S K I R T / T U / F A S  
5 -FAS 0 2  n Y K S  
MDG/STS/AH 








Table 5 .14  

























































038 I 1.31 
1.994 1 .146 1 1.719 06B ' 1.74 
1.959 I ,180 I: 1.660 05A 1.66 
I .566 .(I95 I: 1.497 04.4 ~ 1.43 
1.372 ', ,047 ~ 1.336 1.279 f ,024 
1.377 i .037 































































l a r e s  










































































































































































e a s t  S q u a r e s  

































































































































1st Axial  
Nitrogen tanks 










-.166 -. 282 
-.239 
-.112 - .244 
mode -. 168 - .284 - .304 














DA STRAIN * ( ENERGY 
-.0115 - .0358 - .1996 -. 1525 
-.0317 - .0665 
- .0392 
+.0281 -. 1863 























CSM F l e x i b i l i t y  I n f l u e n c e  C o e f f i c i e n t  D a t a  
(Angular  def lect ions due to  appl ied uni t  moments) 
DEFLECTION AT 
APOLLO REIATNE kELATIVE ABSOLUTE RE TAT IVE ABSOLUTE 
SKYLAB RELATIVE SKYLAB MODEL  APOLM  ODEL 
CM Forward Bulkhead 1.03 (10) -' .307 (10) -' 
.057 (10) 4.44 .253  (10) -8 
CM Aft Bulkhead .777(10)'8  .250  (10) -' 
.2086(10)'8 3.52 ,7332(10)'8 
SH Forward Bulkhead .043 8 (10) -8 .0414(10)'8 
Note:  Models a r e  c o n s t r a i n e d .  a t  t h e  a f t  end of the SM and  uni t  moment i s  appl ied  a t  the docking 
po r t  . 
Calcu la t ion  of i nc remen ta l  t o r s iona l  sp r ings :  
1. Between CM forward  and a f t  bu lkheads ,  
1  1 1 1  = K  + K = K  1 Apollo  Skylab S kylab + 3e44 Skylab 
K1 = 3.44 (e~53(lo) 'B) = 1.36(10) 9 
2. Between C?f a f t  bu,lkhead and SM forward bulkhead, 




a K = 2.52 ( 1 ) =.3.42(10) - 2  8 
.7332(10)'8 
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Figure 5.9 T e s d A n a l y t i c a l  Mode Comparisons 
















PRETEST  RESULTS 
TEST MODE 5 , 1.66 HZ ANALYTICAL NODE 10 , 1.670 HZ 
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Figure 5.10 Test/Analytical Mode Comparisons 
TEST MODE SA , 1.66 HZ ANALYPICAL M D E  9 , 1.959 kz 
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Figure 5-11 Test/Analytical Mode Comparisons 
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Figure 5.12 Test/Analytical Mode Comparisons 
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Table 5.17 





















X-Z plane 1st bending i n  
MDA cone with A T "  Y ax i s  
r o t a t i o n  on upper DA 
t ru s s  ou t  of phase with 
CSM. (Spurious TH Z 
motion a t  Node 28. 
suspected) . 
X-Y plane 1st bending i n  
MDA cone with ATM X a x i s  
r o t a t i o n  on upper DA 
truss i n  phase with main 
beam, ou te r  ATM Y motion 
i n  phase with CSM. 
X-Y plane 1st bending i n  
MDA cone with ATM X ax i s  
r o t a t i o n  on upper DA 
t ru s s  ou t  of phase with 
main beam, ou te r  ATM Y 
motion out of phase w i t h  
CSM. (Spurious TH Z 
motion a t  node 28 sus- 
pec ted .) . 
X-Z plane 1st  bending i n  
MDA cone with ATM Y a x i s  
r o t a t i o n  on upper DA 

















Good agreement  with tes t ,  
GMC and  p lo t t ed  da t a  in  
a l l  planes. 
B-1  




Good agreement  with tes t ,  
GMC and p l o t t e d  d a t a  i n  



















Combination of 0% and 
06B motion,  predominately 
05A. 
Combination of 0% and 
06B motion, predominately 
06B. 
Table 5.17 Continued 
Summary of Tes t  and  Analy t ica l  Modes C o r r e l a t i o n  












3.06 I A-17 
'NO. 
B-6 1 X-Y plane 1st bending i n  
I/ FDA cone with ATM X a s i s  
.) r o t a t i o n  on upper DA 
I t r u s s  o u t  of phase  with ' main beam, o u t t e r  A h 1  Y 
i I motion i n  phase with CSM, 
1 (TI1 Y and TH Z data  i n -  
I c o n s i s t e n t  w i t h  Y and Z 
r e s u l t s  .) 
FDA cone with A h f  Y a x i s  
! r o t a t i o n  on upper DA 
I t r u s s  o u t  of  phase  with 
~ 
CSM, and ATM Z a x i s  
~ 
t r a n s l a t i o n  on upper DA 
I t r u s s  i n  p h a s e  w i t h  CSM. 
€3-8 1 1st t o r s i o n a l  mode wi th  
CSM. FDA/STS/AM out of 
phase wi th  FAS / IU/OWS.  
Large t o r s i o n a l  d e f l e c -  
t i o n  a c r o s s  MDA cone. 
B-9 X-Y plane 2nd bending i n  
MDA cone and STS/AM 
coupled with 1st to r -  
s i o n a l  mode, and ATM X 
a x i s  r o t a t i o n  on upper 









































Good agreement with t e s t  
GMC d a t a  i n  a l l  p l a n e s  
and w i t h  p lo t t ed  d a t a  i n  
X, Y ,  Z and TI1 X. 
Good agreement with t es t  
GMC d a t a  i n  a l l  p l a n e s  
and  wi th  p lo t t ed  da t a  in  
X ,  Y ,  2 and TH Y. 
Good agreement with t es t  
GFlC d a t a  i n  a l l  p l a n e s  
and  wi th  p lo t t ed  da t a  in  
Y and TH X. 
Good ag reemen t  wi th  t e s t  
GMC d a t a  i n  a l l  p l a n e s  
and  wi th  p lo t ted  da ta  i n  
X,  Y, 2 and TH X. 
I 
Table  5.17 Continued 























X-Z plane 2nd bend ing  in  
MDA cone and STS/AM wi th  
l a r g e  ATM Y a x i s  r o t a t i o n  
on upper DA t r u s s  i n  phasc 
wi th  CSM. (Spurious TH Z 
d a t a  a t  Node 28 suspected:  
X-Y plane 2nd bend ing  in  
MDA cone and STS /AM 
coupled with 1st t o r -  
s i o n a l  mode and ATM X 
a x i s  r o t a t i o n  on upper 
DA out  of  phase with CSM 
( S i m i l a r  t o  10A except  
TH X and Y motion phase 
r eve r sed ) .  A l so  FAS 
Oxygen tanks  Y and Z 
rno t i o n .  
X-Z p lane  2nd bending i n  
MDA cone and STS/AM wi th  
ATM Y a x i s  r o t a t i o n  on 
upper DA t r u s s  o u t  of 
phase with CSM. 
~~ 



























Good ag reemen t  wi th  t e s t  
GMC a n d  p l o t t e d  d a t a  i n  
a l l  p l a n e s  (when spurious 
t e s t  TH Z i s  ignored) . 
Good agreement with tes t  
GMC d a t a  e x c e p t  f o r  
Oxygen tanks motion and 
w i t h  p l o t t e d  d a t a  i n  X,  
Y and TH Z .  
Good agreement with t e s t  
GMC a n d  p l o t t e d  d a t a  i n  
a l l  p l a n e s .  
FAS Oxygen tanks  Y and Z 
motion, no shape corre- 
l a t i o n .  
Table 5.17 ' Continued 
Summary of Test and Analyt ical  Modes Cor re l a t ion  
LNALYT 





















B-17 1st a x i a l  mode wi th  node 
p o i n t  i n  AM. 
B-18 FAS Oxygen tanks Y and 
Z motion. 
B-19 2nd t o r s i o n a l  mode wi th  
nodes between CM and SM 
bulkheads and across AM 



















9.405 Good agreement with t es t  
GMC d a t a  i n  a l l  planes 
and  wi th  p lo t ted  da ta  in  
ax ia l  p lanc  (except  CSM 
X d e f l e c t i o n  i s  l a r g e r  
i n  t es t  than  ana lys i s  .) 




12.07 2 Good agreement with t e s t  
GMC d a t a  i n  a l l  p l a n e s  
and with plot ted data  i n  







12.568 AM Nitrogen tanks Y 
motion (Model po in ts  20 
and 21) no  shape  corre- 







B-21 AM Nitrogen  tank Y 
motion (model po in t  20) 
and vehicle 3rd bending 




Good agreement with t e s t  
mode  19A p l o t t e d  d a t a  i n  
Y and TH Z .  Good agree-  
ment wi th  t es t  mode  20A 
p l o t t e d  d a t a  i n  2 and 
TH Y. 
D-13 AM Nitrogen tanks Y and 
Z motion with vehicle  
3rd bending predomi- 
n a t e l y  i n  X-Z plane. 
This  mode was not  well 
separa ted  from t e s t  mode 
19A a s  shown by l a r g e  
coupl ing  in  or thogonal i ty  
check.  (Ref. ED-2002- 
1522). 
13.323 B-22 












AM Nitrogen tanks Y 
motion and vehicle  
3 rd  bend ing  in  X-Y plane 
Summary of  Test and  Analy t ica l  Modes C o r r e l a t i o n  
I I  
MODE 
Predominate ly  vehic le  
3rd  bending  in  X-Y 
plane.  AM Nitrogen tanks 
Y and 2 motions,  FAS 
Oxygen tanks  X ,  Y ,  and 
Z motions. 
AM Nitrogen tanks Z 
mokion w i t h  FAS Oxygen 
tanks  X ,   Y ,  and 2 
mot ion  4 th  veh ic l e  






AM Ni t rogen   tanks  Y ~ 
tanks X motion. 
I motion with FAS Oxygen 
58 
2nd A x i a l  mode wi th  node 
points  between SM and 
CM bulkheads and across  
AM t r u s s e s .  
c-34 
17.553 C-35 1 C-36 
I 













Good agreement with t e s t  
mode 2lA CMC d a t a  i n  Y 
p lane .  Shapc  co r re l a t ion  
i s  only   fa i r .   (Shape  of 
a n a l y t i c a l  mode 4 1  
c o r r e l a t e s  b e t t e r  w i t h  
t e s t  mode 2lA).  Poor 
agreement with t e s t  mode 
22B GMC da ta  but  shape  
c o r r e l a t i o n  i s  f a i r .  
Large AM Nitrogen tanks 
Z motions. No shape 
c o r r e l a t i o n .  
I 
Fai r  agreement  wi th  test 
GMC d a t a  i n  a l l  p l a n e s .  
No shape  co r re l a t ion .  
2nd a x i a l  mode wi th  node 
p o i n t s  a t  p o r t  a n d  
a c r o s s  AM t r u s s e s  (CSM 
X d e f l e c t i o n  i s  l a r g e r  
t han  ana lys i s ) .  
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5.6 P o s t f l i g h t  Mode 1 V e r i f i c a t i o n  
Th i s  i s  a good time t o  show how t h e  a n a l y s t  c a n  b e  t r a p p e d  i n t o  
a l t e r i n g  a component s t i f f n e s s  p r o p e r t i e s  w i t h o u t  s u f f i c i e n t  k n o w l e d g e  
of t h e  c o m p o n e n t s  s t r u c t u r a l  d e t a i l .  A f o u r i e r  a n a l y s i s  o f  t h e  AT" r a c k  
ra te  gyro  f l i gh t  measu remen t s  p rov ides  f r equency  da ta  r ep resen t ing  the  
ATM suppor t ed  by t h e  DA. 
5 - 6 . 1  F l i g h t  R e s u l t s  - During  maneuvers  performed a t  149:10:25:10 
i n  SL-2 f l i g h t ,  t h e  r a t e  g y r o s  d i s p l a y e d  t h e  d a t a  p r e s e n t e d  i n  F i g u r e  
5.13 f o r  t h e  x ,  y and z axes .  The   sampl ing   ra te  of the  gy ro  . da t a  i s  
1 2  samples   per   second.  A F o u r i e r  a n a l y s i s  was   pe r fo rmed   t o   i den t i fy  
the   f requency   of   the   recorded   s igna l .   The   per iod   ana lyzed  was 512 
samples   which  corresponds  to   42.66  seconds.   The  f requency  content  i s  
p l o t t e d  a l s o  i n  F i g u r e  5.13 w i t h  a f r equency  r e so lu t ion  o f  0 .0234  (12 /  
512) Hz. The '   dominan t   f r equenc ie s   a r e   l i s t ed  by a x i s  i n  t h e  f o l l o w i n g  
t a b l e .  
Dominant  Frequency - Hz 
Axis 1 2 3 
- - - 
X 0.8767  1.027 -- 
Y 1.60  1 .35  1 .80 
2 0.876  1.027 " 
The p r i n c i p a l  f r e q u e n c y  c o n t e n t  i s  0 .88  Hz about  the  x and z axes  and 
1 .6  Hz abou t   t he  y a x i s .  Review  of   v ibra t ion   ana lyses   o f   the   Skylab  
c o n f i g u r a t i o n  i n d i c a t e s  t h e  f o l l o w i n g  c o r r e l a t i o n  w i t h  o r b i t a l  d a t a .  
Pre-GVS Analys is  Conf ig .  Post-GVS Ana lys i s  Conf ig .  
F l i g h t  1 . 2  (Ref.  ED-2002-790-4, 1 . 2  (Ref. ED-2002- 1562-2 , 
Data  January  197 1) November 1972) 
.88 Hz .888 Hz ATM/DAl (81%) .594 Hz DA (DEPL)l (77%) 
1.60 Hz 1.655 Hz ATM/DA4 (72%) 1.275 Hz DA (DEPL)2 (25%) 
The low f r e q u e n c y  a n a l y t i c a l  modes yere s e l e c t e d  o n  t h e  b a s i s  of 
t h e i r  c o r r e l a t i o n  o f  A T "  s l o p e s  i n  t h e  x and z a x i s  w i t h  9, and Q2 f l i g h t  
r a t e  g y r o  d a t a  a t  .88 Hz. S i m i l a r l y ,   t h e   h i g h   f r e q u e n c y   a n a l y t i c a l  modes 
e x h i b i t e d  ATM By c o r r e l a t i o n  w i t h  t h e  1 . 6 0  Hz r a t e  g y r o  d a t a .  ATM/DA4 i s  
t h e  e s s e n t i a l l y  same mode a s  DA(DEPL)2. The  names  and  uncoupled mode 
numbers d i f f e r  d u e  t o  a change i n  component d e f i n i t i o n s  b e t w e e n  t h e  two 
ana   lyses .  
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T h e  d i f f e r e n c e s  i n  t h e  p r e  a n d  post-GVS r e s u l t s  ref lect  t h e  DA 
s t i f f n e s s  s c a l i n g  f a c t o r .  A s c a l i n g  f a c t o r  t o  d e c r e a s e  t h e  DA st i f f -  
n e s s  was de te rmined  which  improved  cor re la t ion  be tween exper imenta l  
a n d   a n a l y t i c a l   f r e q u e n c y   d a t a   i n  a l e a s t   s q u a r e s   s e n s e .   U n f o r t u n a t e l y  
t h i s  s c a l i n g  f a c t o r  d e c r e a s e d  c o r r e l a t i o n  w i t h  f l i g h t  r e s u l t s .  A r i g o r -  
o u s  e x p l a n a t i o n  f o r  t h e s e  c o n f l i c t i n g  r e s u l t s  wou ld  r equ i r e  ex tens ive  
r e a n a l y s i s .  However, i t  i s  t h e o r i z e d   t h a t   t h e   s o u r c e   o f   t h e   d i s c r e p a n c y  
ar ises  f r o m  t h e  f a c t  t h a t  i n d i v i d u a l  DA t r u s s  member ad jus tmen t s  r equ i r ed  
t o  improve exper imenta l j theore t ica l  c o r r e l a t i o n  c o u l d  n o t  b e  made due  to  
lack of  component  model ing detai l  information a t  MMC. A review o f  t h e  
type  of  motion i n  t h e  modes of  concern and comparison of  MDAC and MMC 
f l e x i b i l i t y  d e f i n i t i o n  of t he  DA t r u s s  were made t o  s u p p o r t  t h i s  t h e o r y  
a s  f o l l o w s .  
The o n - o r b i t  c o n f i g u r a t i o n  v i b r a t i o n  a n a l y s i s  was r e r u n  u s i n g  t h e  
o r i g i n a l   ( u n s c a l e d )  MDAC DA t r u s s   s t i f f n e s s   m o d e l .   T h i s   a n a l y s i s   p r o -  
duced a .785 Hz and a 1.497 Hz mode w h i c h  c o r r e l a t e  r e s p e c t i v e l y  w i t h  
the  .88 Hz and  1.6 H z  f l i g h t   d a t a .   E x a m i n a t i o n   o f   t h e  mode shapes  of  
t he  modes o f  i n t e r e s t  ( T a b l e  5.18 ) shows t h e  r e l a t i v e  d e f l e c t i o n  a c r o s s  
the  DA r i g i d i z i n g  arms i s  v e r y  l a r g e  i n  t h e  d i r e c t i o n s  a s s o c i a t e d  w i t h  
the pr imary motion of  t h e  o v e r a l l  mode shape .  That  i s ,  l a r g e  A X and A Y 
mot ions  occur  in  the  .784 Hz mode which i s  p r i m a r i l y  8, of t h e  ATM, and 
l a r g e  & X mot ions  occur  in  the  1 .497  Hz mode which i s  p r i m a r i l y  X, QY of 
t he  ATM. T h i s   o b s e r v a t i o n   s u g g e s t s   t h a t   i n c r e a s i n g   t h e   s t i f f n e s s   m o d e l -  
i n g  o f  the  DA r i g i d i z i n g  a r m s  a l o n e  would  improve  cor re la t ion  of  these  
modes w i t h  f l i g h t  d a t a .  It a l s o  s u g g e s t s  t h a t  t h e  s t i f f n e s s  o f  t h e  DA 
between  the ATM suppor t   f rame  (exc luding   r ig id iz ing   a rms)   and   the   t run-  
n ions  could  be  decreased  as  requi red  to  improve  cor , re la t ion  wi th  GVS 
r e su l t s  w i t h o u t  g r e a t l y  a f f e c t i n g  t h e  f r e q u e n c y  of the  modes observed 
f r o m  f l i g h t  d a t a .  
A comparison of MDAC and MHC DA t r u s s  f l e x i b i l i t y  i n f l u e n c e  c o e f -  
f i c i e n t  d a t a  ( T a b l e  5.19)  shows t h a t  t h e  MMC model i s  c o n s i d e r a b l y  s o f t e r  
t han  MDACs between  the ATM support   f rame  and  the FAS i n t e r f a c e .  The f a c t  
t h a t  t h e  MMC model  produced  lower  frequency GVS c o r r e l a t a b l e  modes than  
t h e  MDAC model was poin ted  out  and  suppor ted  the  DA s c a l i n g  f a c t o r  t h a t  
was de f ined .  Tab le  5 .  19  a l so  shows t h a t  MMC mode l  r ep resen t s  t he  r ig id -  
i z i n g  a r m s  t o  b e  s t i f f e r  t h a n  t h e  MDAC model by a f a c t o r  of  2 a t  DOF 13 
and  19  and a f a c t o r  o f  1 .5  a t  DOF 14 and 2 0 .  Although  the  MMC DA model 
h a s  n o t  S e e n  u s e d  i n  a n  o n - o r b i t  c o n f i g u r a t i o n  v i b r a t i o n  a n a l y s e s  w i t h  
which  to  compare  the modes o f  i n t e r e s t ,  t h e s e  d i f f e r e n c e s  i n  DA modeling 
i n  a n  a r e a  t h a t  s t r c n g l y  a f f e c t s  t h e  f l i g h t  d a t a  modes i n d i c a t e s  t h a t  
l o c a l  DA t r u s s  member m o d e l i n g  a d j u s t m e n t s  a r e  r e q u i r e d  f o r  t h e o r e t i c a l  
c o r r e l a t i o n  w i t h  b o t h  f l i g h t  a n d  GVS r e s u l t s .  
S i n c e  t h e  o n l y  s i g n i f i c a n t  s t r u c t u r a l  r e s p o n s e  o b s e r v e d  f r o m  o n - o r b i t  
f l i g h t  d a t a  was c o n t a i n e d  p r i m a r i l y  i n  t h e  .88 hz  and  1.6 Hz .modes,  the DA 
s c a l i n g  f a c t o r  was abandoned. 
Conf igu ra t ion  1.3N1/ was r e v i s e d  t o  i n c o r p o r a t e  t h e  u n s c a l e d  MDAC 
t r u s s  s t i f f n e s s  model. 
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.6.2 Recommendations - 
a. I n  f u t u r e  a p p l i c a t i o n s  of the  methodology  developed  under  this 
t a s k  t o  o t h e r  v e h i c l e s ,  a s s u r e  t h e  a v a i l a b i l i t y  of subcomponent 
model ing  de ta i l .  
b.  Develop a method to   de te rmine   the   type  of tes t  r e s u l t s  t h a t  w i l l  
be .  mos t  su i tab le  for  theoretical/experimental c o r r e l a t i o n  s t u d i e s  
on a par t icu lar  vehic le ,  and  improve  tes t ing  techniques  to  assure  
t h a t  s u c h  d a t a  will be obtained.  
Table 5.18 Modal Deflections  Across DA Rigidizing A r m s  
25th Mode .784 Hz DA(DEPL)l 
A"I Attach ATM Support  Attach  Point/ 
Dirqc  t ion DOF Point DOF Frame Support Frame 
X 1 -4.587(10)-* 31  -2.546(10>'2 1.81 
Y 2 5.101(10)-2 32 3.584(10>-2 1.42 
2 3 -2.422(10)'2 33 -2.629(10)'2 .92 
X 7 4.644(10)" 34 2.581(10)'2 1.80 
Y 8  '5.097(10)-2 35 3.585(10)'2 1.42 
2 9  .427(10)'2 36 2.630(10)-2 .93 
X 13 1.952(10)-2 28 1,059(10)-2 1.85 
Y 14  -1.430(10)'2 29 4.394(10)'3 -3.25 
2 15  1.004(10)'2 30 5.960(10)'3 1.68 
X 19  -1.888(10)'2 25 -1.024(10)'2 1.84 
Y 20 -1.432(10)'2 26 4.395(10)'3 -3.26 
2 21  -l.058( 0)'2 27 -6.461(10)'3 1.63 
0 0 
19- 2 1 13- 15 
DOF Locations : 
y - L  
0 X 0 
1-3 7- 9 
A?M Attach Point 
40th Mode 1.497 Hz. DA(DEPLI2 
ATH Attach ATM Support Attach Point/ 





























35 -9.236(10) '~ 
36 -2.733(10)'2 
28 1.230(10)'2 















small  ampl. 
1.03 
A A 
25-27 28- 30 
A X 
31-33 
AIM Support Frame 
A 
34- 36 
Table 5.19 F l e x i b i l i t y   I n f l u e n c e   C o e f f i c i e n t s   A c r o s s   R i g i d i z i n g  A r m s  
MDAC DA Model 
A M  A t t a c h  ATM S u p p o r t  
P o i n t   F r a m e   A t t a c h   P o i n t /  
D i r e c t i o n  i / j  DEfl i / l o a d  j i/j Dcfl i / l o a d  j Suppor t   Frame 
X 111 3.340(10)'4 31/1 1.322(10)-4 2.53 
Y 2 / 2  3.707.(10>'4 32/2 1.840(10)'4 2.02 
Z 3/3 1.175(10)'~ 33/3 1.091(10)-~ 1.075 
X 7/7 3.333(10)'4 34/7 l.Xl(10)'4 2.52 
Y 8/8 3.?15(10)'4 3518 1.843(10)'4 2.01 
Z 919 1.155(10)'4 36/9 1.071(10)-4 1.07 
X 13/13 3.659(10)'4 28/13 1.136(10)'4 3.22 
Y 14/14 3.707(10)'4 29/14 1.607(10)-4 2.31 
Z 15/15 7.127(10)'5 30/15 5.823(10)-5 1.22 
X 19/19 3.654(10)'4 25/19 1.137(10)-4 3.21 
Y 20/20 3.706(10)'4 26/20 1.606(10)-4 2.31 
Z 21/21 7.277(10)-5 27/21 5.956(10)'5 1.22 
0 0 
19-21 13-15 
DOF L o c a t i o n s  : - "7 
X 
A'OI A t t a c h  P o i n t  
0 
1- 3 
MMC DA Model 
ATM A t t a c h  ATM S u p p o r t  
P o i n t   F r a m e   A t t a c h   P o i n t /  
i/j Defl i /Load  j i/j Defl i / l o a d  j Suppor t   Frame 
1/1 4.378(10)-~  31111.605(10)-4  2.72
2/2 4.818(10)'4 32/2 2.126(10)'4 2.27 
3/3  1.877(10)-4 33/3 1.874(10>'4 1 .o 
7/7 4.385(10)'4 34/7 1.610(10)'4 2.72 
8/8 4.823(10)-4 35/8 2.128(10)-4 2.26 CT 
9/9 1.838(10>-4.  3619 1.836(i0)'~ 
cn 
w 1.0 
13/13 3.211(10)-4 28/13 1.937(10>'4 1.66 
14/14 3.516(10)-4 29/14 2.297(10)-4 1.53 
15/15 7.362(10)'5 30/15 7.337(10)" 1 .o 
19/19 3.213(10>'4 25/19 1.938(10)'4 1.66 
20/20 3.516(10)'4 26/20 2.298(10)'4 1.53 
21/21  7.073(10>-5  27/21 7.049(10)'5  .0 
A A 
25-27  28-  30 
y J .  
X 
0 A 
7-9 31-33 34- 36 
A 
A I M  Suppor t  Frame 
X AMPLITUDE - DEGREESISECONO 
- 
E 
FOURIER AMPLITUDE COEfFIClEM - DECREES 
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6 .O CONCLUSIONS 
Detai led conclusions and subsequent recommendations are included 
wi th in  each  sec t ion .  However, on  an  overview  of  the  Skylab  program, 
severa l  d i s t inc t  po in ts  a re  obvious .  In  the  process  of  comple t ing  a 
p a r t i c u l a r  d i f f i c u l t  p r o j e c t  b o t h  on a l o g i s t i c s  and a t e c h n i c a l  b a s i s  
sho r t  cu t s  a r e  t aken ,  base l ine  cos t s  a r e  trimmed,  programs a re  de l ayed  
o r  i g n o r e d ,  a l l  of which normally have to be repeated a t  a much l a r g e r  
cost .   These items a r e  p a r t i c u l a r l y  t r u e  i n  s t r u c t u r a l  a n a l y s e s .  
As a r e s u l t  o f  t h i s  summary of the  Skylab  pro jec t ,  the  fo l lowing  
recommendations a re  p re sen ted  fo r  eva lua t ion  in  the  a reas  o f  impor t ance  
and on a chronologica l  bas i s .  
6 .1  S t r u c t u r a l  Models 
It i s  impera t ive  tha t  de t a i l ed  p l ans  be e s t a b l i s h e d  i n i t i a l l y  i n  
the  program to  def ine  sens i t ive  s t ruc tura l  a reas .  These  a reas  re fer  to  
e i ther  response ,  which  a f fec ts  modal c h a r a c t e r i s t i c s  and r e s u l t a n t  s t a -  
b i l i t y  s t u d i e s ,  o r  l o a d  which a f f e c t s  s t r u c t u r a l  d e s i g n ,  m a t e r i a l  p r o -  
perties and  s iz ing .  
Since the problem i s  one  o f  i n t eg ra t ion  in  a design beam o r  s t i c k  
models w i l l  a lways  be  requi red ,  in i t ia l ly .  However, even  with beam models 
care  should be exercised with model ing,  in  some d e t a i l ,  " a l l "  s t r u c t u r a l  
sys tem  in te r faces .  " A l l "  s h o u l d  b e  l i t e r a l l y  i n t e r p r e t a t e d  i f  p o s s i b l e  
and a t  a minimum should  inc lude  any  in te r face  be tween separa te  sys tem 
model ing ,  cont rac tors  or  centers .  
Af t e r  comple t ion  o f  de t a i l ed  ana ly t i ca l  s tud ie s ,  u s ing  the  de r ived  
beam models ,  resul t ing load and response data should be i n t e g r a t e d  i n  t h e  
s t ruc tu ra l  des ign .  Th i s  shou ld  cu lmina te  in  f in i t e  e l emen t  mode l s  o f  a l l  
s e n s i t i v e  s t r u c t u r e s  a n d  w i l l  remain "frozen" until  completion of the 
s u b j e c t  dynamic test. Obviously, a l l  s e n s i t i v e  s t r u c t u r e  w i l l  complete, 
a t  a minimum, s t a t i c   i n f   h e n c e   c o e f f i c i e n t  tests. 
6.2 System Modal C h a r a c t e r i s t i c s  
Accurate  vibrat ion analyses  must  be completed for  both load,  response 
and c o n t r o l  s t a b i l i t y  s t u d i e s .  However, these  studies  should  be  completed 
i n  a n  o r d e r l y  manner and i n  s u f f i c i e n t   d e t a i l  so  a s  t o  s a t i s f y  modal 
f i d e l i t y ,  and modal c h a r a c t e r i s t i c s  f o r  t h e  d a t a  u s e r s .  
I n i t i a l  s t u d i e s  s h o u l d  b e  l i m i t e d  t o  t h e  s t r u c t u r a l  beam models. 
There i s  a s t rong  tendency  in  pro jec ts  and  the  cus tomer  to  requi re  in-  
s t a n t a n e o u s  v i b r a t i o n  a n a l y s i s .  T h i s  r e s u l t s  i n  a continued update of 
the  da ta  a t  g rea t  expense .  In  rea l i ty ,  p rograms should  be  p lanned  to  
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fo l low four  pe r iods  o f  s t ruc tu ra l  mode l ing  and  de r iva t ion  o f  modal 
characteristics o f   t he   S t ruc tu ra l  System.  These a r e :  
a. i n i t i a l  beam models, 
b. p re l iminary   f in i te   e lement   models ,  
c.  models  generated a t  c o m p l e t i o n  o f  s t a t i c  test and i n i t i a l  d e s i g n  
d. models generated a t  completion  of  dynamic tes t  and system design 
reviews , 
reviews. 
6 . 3  S t r u c   t u r a l   T e s t i n g  
S t a t i c ,  dynamic and  acous t ic  test seems to  a lways be completely 
planned on a project  then revised cont inual ly  throughout  the program. 
I n i t i a l l y ,  i n  t h e  p r o g r a m  a s t rong commitment  should be made on s t r u c -  
t u r a l  t e s t i n g  and  what  areas  are  to  be  completed.   This  includes pre-  
l iminary instrumentat ion,  support  system and data  re t r ieval  programs.  
I f  a test i s  worth complet ing,  and consider ing the associated cost  
of j u s t  i n i t i a t i n g  a n y  s t r u c t u r a l  tes t ,  i t =  have a strong committment 
f rom the project .  It  should be planned  and  frozen well i n  advance  of 
scheduled tes t ing and completed in  a t imely manner s o  a s  t o  a f f e c t  d e s i g n  
and reduce cost ly  analysis  requirement .  
Structural  tes t ing should not  be considered only as  ground tests. 
A s  a p o s t  mortem  on the Skylab program, i t  seems r i d i c u l o u s  t h a t  s u c h  
l i m i t e d  s t r u c t u r a l  d a t a  was r e t r i e v e d  f r o m  f l i g h t .  Mega d o l l a r s  were 
spent  dur ing  the  s tudy  to  reso lve  a r ray  response ,  g imbal  r ing  response ,  
docking loads and beam f a i r i n g  l o a d s  y e t  l i m i t e d  i f .  a n y  f l i g h t  d a t a  was 
r e t r i eved  to  ve r i fy  des ign  dec i s ions ,  l oad l r e sponse  c r i t e r i a ,  o r  a s  a 
gu ide   t o   fu tu re   p ro j ec t s .   Add i t iona l ly ,  dynamic tes t  d a t a  r e l a t i n g  t o  
acous t i c  env i ronmen t  ( a  no ted  p rob lem in  o rb i t )  and  s t ruc tu ra l  damping 
da ta  (a  s ign i f icant  problem in  s t ruc tura l  des ign)  remains  to  be analyzed. 
Specif icai ly ,  the fol lowing reconmendat ions are made f o r  s t r u c t u r a l  
t e s t i n g  : 
a.  
b. 
C .  
d.  
e .  
i n f l u e n c e  c o e f f i c i e n t  test should be completed f o r  a l l  i n t e r f a c e  
s t ruc tu ra l   sys t ems  ; 
automatic modal tuning programs should be devised to  speed up 
t e s t i n g  and a s su re  accu ra t e  and  t ime ly  r e su l t s ;  
d e t a i l e d  pretest analyses should be completed; 
adequate instrumentation must be provided to  assure  accurate  
r e s u l t s  e s p e c i a l l y  i n  r e s o l v i n g  s t r u c t u r a l  damping; 
d e t a i l e d  c o r r e l a t i o n  s t u d i e s  s h o u l d  be planned and completed 
i n  a timely manner; 
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f .  r e s u l t s  of a l l  tests should be  implemented i n  t h e  a n a l y s i s  
schedule. 
6 .4  General 
Control and loads  s tud ies  a re  genera l ly  ana lyzed  in  suf f ic ien t  de ta i l .  
However, emphasis should be placed on l imi t ing  these  s tud ie s  to  the  fou r  
periods of s t r u c t u r a l  modeling and in  comple t ing  the  f ina l  response  and 
load s tudies  with test ve r i f i ed  models. 
The abandoned c h i l d  i n  most  major p ro jec t s  i s  the adequate mission 
evaluat ion  s tudies   for   s t ructural   systems.   Therefore ,  i t  is  imperative 
tha t  p ro j ec t  d i r ec to r s  a s su re  the re  i s  adequate  f l igh t  eva lua t ion  and 
co r re l a t ion  of s t ruc tura l  des ign  dec is ions  and models, based on s u f f i -  
c i en t  f l i gh t  i n s t rumen ta t ion .  
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Average Absorption Coefficient 
Ai r lock  Module 
Apollo  Telescope Mount 
Commander 
Center of Gravity 
Control  Moment Gyro 
Command and Service Module 
Deployment Assembly 
Decibels 
Sound level measured with A-weighting network 
Dircc t Current  
Dynamic T e s t  Article 
Fixed Airlock Shroud 
I U  F l igh t  Con t ro l  Computer 
S-IVB Forward S k i r t  
F e e t  
Gimbal Ring Assembly 
Generalized Mass Cont r ibu t ion  
Hertz  (cycles  p e r  second) 
IMC Magnetics Corporation 
Inches 
Instrumentat ion Unit  
Logar i thm to  the  base  10 
Mul t ip le  Docking Adapter 
McDonne11 Douglas Astronautics Company - Eastern Divis ion 
McDonne11 Douglas Astronautics Company - Western Division 
A pressure of one dyne p e r  square  cent imeter  
Mar t in  Mar ie t ta  Corpora t ion  




































Marshal l  Space Fl ight  Center  
Modal Survey  Test  (s) 
Modif ied Speech Interference Level 
Gaseous Nitrogen 
North American Rockwell Corporation 
National Aeronautics and Space Administration 
Gaseous Oxygen 
Octave Band 
Orbi   t a  1 Workshop 
Pressure  
Payload Assembly 
P i l o t  
Post  Landing Vent i la t ion 
Pounds Per Square Inch 
Pounds Per Square Inch, Absolute 
Prefer red  Speech  In te r fe rence  Level 
Primary Mole Sieve Fans 
Payload Shroud 
Acoustic Power Level,  dB 
Room Constant 
Reference 
Area of Room 
Solar Array System 
Systems Assurance Test 
Secondary Mole Sieve Fans 
Speaker Intercom Assembly 
Speech Interference Level 
Skylab Medical Experiment Altitude Test 
Sound Pressure Level ,  dB 
Sc ience  P i lo t  
S t ruc tu ra l  T rans i t i on  Sec t ion  
Sa t u r n  Workshop 
Reverberation Time, Seconds 
Test Control  Board Directive 
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TL Transmission Loss, dB 
TVIS TV I n p u t   S t a t i o n  
V Volume 
vc s Venti la t ion  Control   System 
WMC Waste Management  Compartment 
WDB Weighted Octave Band 
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AAP Docking Loads Analysis 
Docking Loads Report 
Docking Loads Report 
C l u s t e r  Docking Report 
Docking Loads Report 
AAP C l u s t e r  Docking Response Report 
Control Impulse Methodology Report 
Methodology Report f o r  Docking Loads 
CSM/MDP (Axial) Latch Loads 
Latch Loads Evaluation Report  
Docking Probe Analytical Model 
ATM Deployment Loads Report 
Evaluat ion of  Solar  Array Deflect ion Model 
P re -Tes t  S t a t i c  In f luence  Coef f i c i en t s  
Latch Load Evaluat ion Report  
Skylab Cluster Docking Loads Report 
O r b i t a l  Workshop Solar  Array  Sys tem Sens i t iv i ty  
Analysis 
7- 6 
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0 6 / 3 0 / 7 1  
0 7 / 1 6 / 7 1  
0 7 / 1 9 / 7 1  
0 9 / 0 1 / 7 1  
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0 1 / 3 1 / 7 2  
0 2 / 1 5 / 7 2  
0 2 / 2 6 / 7 2  
0 3 / 3 1 / 7 2  
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Vibrat ion Analysis  of  the AAP O r b i t a l  Workshop 
Vibra t ion  and  Acous t ic  Analys is  for  AAP F l i g h t  
Configurat ion 4. 
Vibra t ion  Analys is  of  the  AAP O r b i t a l  Workshop 
C l u s t e r  Modal Vibra t ion  Repor t  
V ib ra t ion  Repor t  fo r  AAP Beamology Model 
C l u s t e r  Modal Vibrat ion Report  
C l u s t e r  Modal Vibrat ion Report  
C l u s t e r  Modal Vibrat ion Report  
AAP Vibrat ion Analysis  Report  
C l u s t e r  Modal Vibrat ion Report  
AAP Vibrat ion Analysis  Report  
Clus te r  Vibra t ion  Analys is  Mass P r o p e r t i e s  
V ib ra t ion  Modal Analysis  Report  
V ib ra t ion  Modal Analysis  Report  
V ib ra t ion  Modal Analysis  Report  
Modal Coupling Program and Report 
V ib ra t ion  Modal Analysis Report  
Pre-Test  Vibrat ion Analysis  Report  
V ib ra t ion  Modal Analysis Report  
Modal Tolerance Report  
V ib ra t ion  Modal Analysis  Mass P r o p e r t i e s  
Modal Tolerance Report  
Vehicle Dynamics Mechanical  Vibrat ion Modal 
Survey Test P lan  
Modal P rope r ty  Data Repor t ,  Conf igura t ion  7 
Vibra t ion  Modal Analysis Report  
Modal P rope r ty  Data Report ,  Configurat ions 9 & 10 
Modal Property Data Report ,  Configurat ion 6 
Modal P rope r ty  Data Report ,  Configurat ion 7 
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17  14 
1720 
MDA Inf luence  Coeff ic ien t  Tes t  Evalua t ion  Repor t  
Skylab Cluster  Docking Loads Report 
O r b i t a l  Maneuver Loads Report 
Latch Load Evaluation Report  
ATM/SA Deployment Loads Report 
Pre-Test Structural  Response Report  
Control Impulse Response Report (Preliminary) 
Apollo Telescope Mount Solar Array System Sen- 
s i t i v i t y   A n a l y s i s  
Skylab Cluster DockingILatching Loads Report 
(Preliminary) 
Control Impulse Response Report (Preliminary) 
Skylab Docking Maneuver Simulation Mathematical 
Model Report  (Final)  
Control Impulse Response Report (Final) 
Skylab Control System Simulation Report 
Deployment Loads Report 
Skylab  Cluster   Radial  Docking/La tching Loads 
Report 
Deployment Loads Report 
OWS-SAS Loads Evaluation Report 
Skylab Cluster DockingjLatching Loads Report 
(Final)  
Docking/La tching  Loads ATM Undeployed  Orbital  
Configuration Report  
Skylab Cluster Docking/Latch Loads Report (Final) 
Skylab Premission Support of SL-2 Orbi ta l  Loads 
Skylab Rescue Mission Latching Loads Report 
SL-2 Mission Evaluation Report  
SL-3 Mission Evaluation Report  
SL-4 Mission Evaluat ion Inputs  
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Vibro-Acoustic Modal Survey Test Evaluation Report  
(Launch Configurat ion)  
Modal Proper ty  Data  Repor t ,  Conf igura t ion  7 
Vibro-Acoustic Modal Survey Test Evaluat ion Report  
(Orbi ta l  Conf igura t ion)  
C l u s t e r  Modal P rope r t i e s  fo r  Con t ro l  Ana lys i s  
In te r im  Repor t  
Dynamics  Modal Ver i f i ca t ion  Repor t  (Launch Con- 
f i g u r a t i o n )  
Dynamics  Model Ver i f ica t ion  Repor t  (Orbi t  Con- 
f i g u r a t i o n )  
Modal Property Data  Report ,  Configurat ion 6 
Modal Property Data  Report ,  Configurat ion 3.2 
Modal Property Data Report ,  Configurat ion 1 . 2  
Modal Property Data Report  , Configurat ion 2.1 
C l u s t e r  Modal P rope r t i e s  fo r  Con t ro l  Ana lys i s ,  
Configurat ion 1.3/Nom 
C l u s t e r  Modal P r o p e r t i e s  f o r  C o n t r o l  A n a l y s i s ,  
Configurat ion 1.31-67.5O 
C l u s t e r  Modal P rope r t i e s  fo r  Con t ro l  Ana lys i s ,  
Conf igu ra t ion  1.31112.5' 
Dynamic Test R e f l e c t e d  S t r u c t u r a l  Model Methodology 
Report 
F i n a l  V i b r a t i o n  Modal Analysis Report  
ATM System and Subsystem Dynamic A n a l y G  
948- 1 In te r im  Repor t ,   Spar   Canis te r  Modal Data   for  
Control  Loop Analysis  
1168 In te r im  Repor t ,   Spar   Canis te r  Modal Data   for  
Control  Loop Analysis  
1265 In te r im  Repor t ,   Spar   Canis te r  Modal  Data f o r  
Control  Loop Analysis  
1303 ATM Rack and   Spar lCanis te r  Boost Condition  Vibra- 
t i ona l  T rans fe r  Func t ion  
1303 ATM Rack and  SparlCanister  Boost  Condition  Vibra- 
Rev. A t i ona l   T rans fe r   Func t ion  
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Date ED-2002- T i t l e  
03/31/72  1 80- 1 Spar/Canis ter  Modal Data f o r   C o n t r o l  Loop Analysis  















































Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Inter ior  Acoust ic  Environment  Report  
Skylab Interior Acoustic Environment Report  
Vibro-Acoustic Test  
Dynamic Ins t rumen ta t ion  P lan  Volume I Acoustic 
Test 
Vehicle Dynamic Mechanical  Vibrat iodModal  
Survey Plan 
Acoustic Test Summary Report 
Acoustic T e s t  Summary Report Volume I 
Acoustic Test Summary Report Volume I1 
Modal Survey Test Summary Report 
Dynamic Ins t rumen ta t ion  P lan  
Skylab Payload Boost Flight A n a l y e  
1366  Skylab  Boost  Flight  Phase Modal P r o p e r t i e s  
13 96 Modal P rope r ty  Data Configurat ion 8 
1388 Skylab  Payload  Base  Motion  Analysis  Report 
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Modal Property Data 
t i o n  1, P a r t  2 
Modal Property Data 
t i o n  2 
Skylab Boost  Fl ight  
Modal Property 
t i o n  4 
Moda 1 Property 
t i o n  1 
Modal Property 
t i o n  2 
Modal Property 
t i o n  1 
Modal Property 






Skylab Boost  Fl ight  
Skylab Boost Flight 
Modal Property Data 
Skylab Boost Flight 
Modal Property Data 
Skylab Payload Base 
Report 
Modal Property Data 
u r a   t i o n  
Modal Property Data 
u r a t i o n  1 
Modal Property Data 
u r a t i o n  4 
Modal Property Data 
u r a t i o n  2 
Skylab Boost Flight 
Skylab Boost  Fl ight  
Skylab Payload Base 
Skylab Payload Base 
Report S-IC Fl ight  Configura-  
Report S-IC Fl ight  Conf igura-  
Phase Model Proper t ies  Repor t  
Report, S-IC Fl ight  Conf igura-  
Report ,  S-I1 Fl ight  Conf igura-  
Report , S- I1 F l i g h t  Conf igura-  
Report ,  OWS F l ight  Conf igura-  
Report ,  S-IC F l igh t  Conf igura-  
Loads Analysis Report 
Loads Me thodology  Report 
Report  Configuration 6 
Loads Analysis Report 
Report  Configuration 7 
Motion Vibration Analysis 
Report , Base Motion Config- 
Report ,  S-I1 Fl ight  Config-  
Report, S-IC Fl ight  Config-  
Report ,  S-I1 Fl ight  Config-  
Phase Modal Proper t ies  Repor t  
Loads Analysis Report 
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